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Abstract 

A  multiple  input-multiple  output  flight  control 
design,  on  the  KC-135  aircraft  is  completed  using  the  Quanti¬ 
tative  Feedback  Theory  (QFT)  developed  by  Dr.  Isaac  Horowitz 
Weizmann  Institute  of  Science,  Rehovot,  Israel. 

First,  the  three  degrees-of-freedom  model  for  the 
lateral  mode  is  reduced  to  a  two  degrees-of-freedom  model. 
From  this  model  a  robust  controller  is  developed  to  perform 
two  maneuvers  over  a  wide  range  of  the  aircraft  flight 
envelope. 

Second,  the  three  degree^-of-freedom  model  for  the 
longitudinal  mode  is  used  to  develop  a  robust  controller 
to  perform  one  maneuver.  The  first  and  second  body  bending 
modes  are  then  added  to  remove  the  rigid  body  constraint  and 
a  robust  control  is  developed  for  the  non-rigid  aircraft. 

Finally,  the  robust  controllers  developed  for  the 
lateral  and  longitudinal  modes  are  simulated  over  a  large 
range  of  the  aircraft's  flight  envelope. 

The  conclusion  drawn  from  the  research  is  that  the 
methods  developed  by  Dr.  Horowitz  are  very  effective  in 
designing  multiple  input-multiple  output  systems  with  plant 
uncertainty. 
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OUTPUT  CONTROL  SYSTEM  WITH  UNCERTAIN  PARAMETERS 
APPLICATION  TO  THE  LATERAL  AND  LONGITUDINAL 
S  MODES  OF  THE  KC-135  TRANSPORT  AIRCRAFT 


I.  Introduction 

An  aircraft  in  flight  is  a  nonlinear,  multiple 
input-multiple  output  (MIMO)  control  system.  New  design 
techniques  have  been  developed  which  give  the  design  engi¬ 
neer  more  insight  into  the  design  of  such  MIMO  systems. 

Two  such  design  techniques,  the  Dr.  Brian  Porter  technique 
and  the  Dr.  Isaac  Horowitz  technique,  have  been  demon¬ 
strated  to  be  effective  means  of  designing  these  MIMO 
systems. 

Two  designs  have  been  demonstrated  using  the 
KC-135  transport  aircraft  as  a  model  (3;  17) ,  one  using 
the  Porter  approach  and  the  other,  the  Horowitz  approach. 
Both  design  methods  have  proven  to  be  effective  methods 
for  the  design  of  robust  controllers  for  MIMO  systems. 

The  Horowitz  design  approach  (3)  included  one  flight  maneu¬ 
ver  in  the  lateral  mode  which  included  two  inputs  and  two 
outputs.  Sinc,>  there  was  only  one  command  input,  the 
design  considered  only  one  column  of  the  set  of  equivalent 
SISO  systems.  ■  ..  %V- 
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The  Porter  design  approach  (7)  demonstrated  a 
design  of  a  2x2  system  in  the  lateral  mode.  A  robust  con¬ 
troller  was  developed  to  perform  two  maneuvers  over  the 
entire  flight  envelope  of  the  KC-135  aircraft.  A  con¬ 
troller  was  also  developed  for  a  3x3  system  in  the  longi¬ 
tudinal  mode.  However,  only  one  maneuver  was  demonstrated 
and  a  robust  controller  could  not  be  found  that  would 
operate  over  the  entire  flight  envelppe.  Three  controllers 
were  developed,  one  for  each  flight  condition. 

This  thesis  is  an  extension  of  the  work  completed 
on  the  KC-135  aircraft  using  the  Horowitz  design  approach 
(3) .  The  design  is  for  similar  maneuvers  as  demonstrated 
by  the  Porter  technique  (17) . 

1-1  Problem 

The  problem  is  to  design  lateral  and  longitudinal 
robust  controllers  for  the  KC-135  transport  aircraft. 

Thus  the  purpose  of  this  research  is  to  apply  the  Quantita¬ 
tive  Feedback  Theory  (QFT)  design  technique  developed  by 
Dr.  Isaac  Horowitz  to  design  two  robust  controllers  for 
this  aircraft.  The  first  design  develops  a  robust  con¬ 
troller  to  handle  two  maneuvers  in  the  lateral  mode.  This 
system  includes  two  inputs  and  two  outputs.  The  second 
design  develops  a  robust  controller  to  handle  one  maneuver 
in  the  longitudinal  mode.  This  design  includes  three 
inputs  and  three  outputs.  Both  controllers  are  designed  to 
operate  over  the  entire  flight  envelope,  of  Uie  aircraft. 
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1-2  Scope 

This  study  examines  both  a  longitudinal  and 
lateral  flight  control  design  for  the  KC-135  transport. 

The  lateral  robust  control  design  includes: 

1.  coordinated  turn,  and 

2.  sideslip  maneuver. 

The  longitudinal  robust  design  is  a  pitch  pointing .maneu¬ 
ver.  This  design  includes  the  first  and  second  body  bendr* 
irig  modes  while  the  lateral  design  considers  the  aircraft 
as  a  rigid  body.  The  above  designs  are  for  the  following 
flight  conditions  (F.C) : 

F.C.  #1:  High  altitude  cruise  (45,500  ft  at 
roach  0.77) 

F.C.  #2:  Medium  altitude  cruise  (28,500  ft  at 
mach  0.77) 

F.C.  #3:  Approach  (sea  level  at  mach  0.21) 

The  resulting  design  is  compared  against  compensator  band¬ 
width  for  each  flight  condition.  A  qualitative  comparison 
is  also  completed  between  this  design  and  the  design  com¬ 
pleted  by  Captain  Locken  using  the  Porter  design  tech¬ 
nique  (17) . 

1-3  Assumptions 

The  following  assumptions  are  used  to  simplify  the 
design  process' (4:21): 

1.  The  aircraft  is  a  rigid  body  (lateral  mode 
only)  . 
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2.  Flat,  non-rotating  earth  inertial  reference 
frame. 

3.  Mass  of  the  aircraft  remains  constant  during 
any  particular  dynamic  analysis. 

4.  Aircraft  is  always  considered  to  be  in  equi¬ 
librium  before  a  disturbance  is  introduced. 

5.  The  perturbations  from  equilibrium  are  small. 

6.  Quasi-steady  airflow. 

The  resulting  design  is  analyzed  with  aid  of  a  com¬ 
puter-aided  design  program.  It  is  assumed  that  these  simu¬ 
lations  or  analyses  will  provide  realistic  responses  of 
the  aircraft  motion  during  each  flight  maneuver. . 

1-4  Approach 

The  first  step  in  the  approach  to  this  design  is 
to  develop  the  required  lateral  equations  of  motion  for 
the  aircraft,  thus  developing  the  required  matrix  equa¬ 
tions  for  the  three  F.C.'s  which  are  to  be  used  for  the 
lateral  control  design. 

The  second  step  is  to  develop  the  longitudinal 
equations  of  motion  for  the  aircraft,  thus  developing  the 
required  matrix  equations  for  the  three  F.C.’s  which  are 
to  be  used  for  the  longitudinal  control  design. 

The  third  step  is  to  derive  a  frequency  domain 
representation  of  the  desired  Specifications  for  each  of 
the  lateral  and  longitudinal  control  designs.  These  speci¬ 
fications  are  obtained  from  the  design  using  the  Porter 
technique  (17). 
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The  fourth  is  to  apply  the  Horowitz  design  tech- 
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nique  to  the  resulting  aircraft  matrices.  The  lateral  and 
longitudinal  robust  controllers  are  thus  designed  to  the 
required  specifications  obtained  in  step  three. 

The  fifth  step  is  to  simulate  the  design  on  a 
computer-aided  design  program.  The  aircraft  responses  are 
plotted  for  different  control  inputs  for  each  of  the  three 
flight  conditions. 

The  last  step  is  to  compare  the  design  in  terms  of 
compensator  bandwidth  against  each  of  the  Quantitative 
Feedback  Technique  designs,  one  for  each  maneuver.  A  quali 
tative  comparison  is  made  between  the  Horowitz  design 
approach  and  the  Porter  design  approach,  using  the  work  com¬ 
pleted  by  Captain  Locken  (17)  and  this  design. 

1-5  Presentation 

This  thesis  is  contained  in  seven  chapters. 

Chapter  II  contains  ah  overview  of  the  SISQ  and  MIMO  design 
technique  with  an  in-depth  look  at  the  3x3  design  philoso¬ 
phy.  Chapter  III  describes  the  basic  KC-135  aircraft  and 
the  derived  aircraft  equations  of  motion  for  both  the 
lateral  and  longitudinal  modes.  Chapter  IV  covers  the  ■ 
design  of  the  robust  lateral  controller  for  a  2x2  system. 
Chapter  V  outlines  the  design  of  the  robust  lonqitudinal 
controller  for  a  3x3  system.  Chapter  VI  shows  the  simula¬ 
tion  of  the  robust  controllers  designed  in  the  proceeding 


two  chapters.  Chapter  VII  draws  conclusions  from  this 
study  and  outlines  recommendations  for  future  study  in 


this  area. 
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II.  Quantitative  Feedback  Design  Theory 

Introduction 

This  chapter  contains  a  basic  overview  of  the  SISO 
and  MIMO, system  designs  with  emphasis  placed  on  a  3x3  sys¬ 
tem.  The  SISO  system  design  philosophy  is  outlined  in 
detail  in  Appendix  A  and  the  MIMO  (2x2)  system  design  is 
outlined  in  AppendiSc  B.  Thus  the  emphasis  in  this  chapter 
is  placed  on  the  3x3  design  using  Dr.  Horowitz's  technique. 
Also  the  improved  technique  is  discussed. 

II-2  SISO  Design  Theory 

This  section  is  a  brief  overview  of  the  design 
philosophy  for  the  SISO  system.  The  reader  is  referred  to' 
Appendix  A  for  a  more  detailed  analysis  of  the  design 
approach. 

The  SISO  design  approach  assumes  that  there  are 
two  degrees-of- freedom  (i.e.,  the  input  and  output  are 
readily  accessible  and  measurable  quantities) .  Thus  the 
problem  is  defined  such  that  there  are  two  elements,  F  and 
G,  which  are  designed  to  enable  the  system  or  plant  to  be 
controlled  for  a  given  input  and  desired  output.  The 
plant,  compensator  G,  and  pre-filter  F  are  also  assumed  to 
be  Laplace  transfer  functions. 
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Once  the  problem  is  defined/  the  time  domain  design 
specifications,  which  describe  the  upper  and  lower  limits 
of  the  closed  loop  system  for  an  acceptable  response  to  a 
desired  input  or  disturbance,  are  transformed  into  the 
frequency  domain.  These  specifications  generate  an  upper 
and  lower  bound  on  the  acceptable  responses  for  a  desired 
input.  The  last  bound  required  for  the  SISO  design  is  the 
maximum  allowable  response  of  the  system  to  a  disturbance 
input.  This  specification  is  normally  defined  in  the  time 
domain  and  thus  it  must  also  be  transformed  to  the  fre¬ 
quency  domain.  There  is  only  a  maximum  or  upper  bound  on 
the  disturbance  response  since  the  only  concern  in  the 
design  is  that  the  response  be  below  a  certain  maximum 
allowable  value. 

Once  the  problem  is  defined  and  the  specifications 
are  transformed  to  the  frequency  domain,  the  actual  design 
can  now  be  completed.  One  of  the  most  important  tools  in 
the,  design  is  the  Nichols  Chart.  The  uncertainty  in  the 
plant  is  plotted  on  the  Nichols  Chart  for  a  given  frequency 
which  generates  a  template  of  the  uncertainty  in  the  plant 
at  that  particular  frequency*  This  is  done  over  a  desired 
range  of  frequencies,  and  the  resulting  templates  are  then 
used  in  the  design  of  the  nominal  loop  transmission  LQ, 
which  is  defined  as  the  open  loop  transfer  function  (GPQ)  , 
for  the  nominal  plant.  This  nominal  loop  transfer  function 

is  derived  from  the  use  of  these  templates  (plant 

\ 

\ 
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uncertainty)  and  the  upper  and  lower  bound  specifications 
on  the  acceptable  responses  for  a  desired  input.  In  design¬ 
ing  the  nominal  loop  transmission,  a  Universal  High  Fre¬ 
quency  (UHF)  is  defined  which  ensures  tnat  the  loop  trans¬ 
mission  L  has  a  positive  phase  and  gain  margin. 

Once  the  nominal  loop  transmission  is  designed, 
then  the  compensator,  G,  can  be  obtained  directly  from  the 
nominal  loop  transmission  function  (i.e.,  Lq  =  GPQ) .  The 
last  part  of  the  design  process  is  to  synthesize  the  pre¬ 
filter  F,  which  positions  the  desired  response  within  the 
frequency  domain  specifications. 

The  above  is  a  brief  description  of  the  SISO  design 
approach  and  is  not  meant  to  be  a  comprehensive  outline  of 
the  design  approach.  For  a  complete  understanding  of  the 
design  technique  refer  to  Appendix  A. 

II- 3  MIMO  Design  Tneory  (2x2  System) 

The  MIMO  design  is  accomplished  using  the  SISO 
design  approach.  For  a  SISO  system  there  is  one  loop  to 
be  designed  which  enables  the  system  to  track  a  desired 
input  and  to  reject  any  unwanted  disturbance  input.  For 
a  2x2  system,  there  are  two  loops  which  have  to  be  designed. 
Thus  as  the  size  of  the  system  increases,  the  number  of 
loops  increases  by  a  factor  of  n,  where  n  is  the  size  of 
the  system  (i.e.,  the  number  of  inputs-outputs) .  This 
appears  to  be  a  limiting  factor  to  the  size  of  the  system 
which  can  be  designed  using  this  technique.  However,  this 
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is  not  the  case  as  there  are  many  methods  for  reducing  the 
complexity  of  the  system  required  in  the  design  process 
(to  be  discussed  later  in  this  chapter) .  For  a  comprete 
outline  of  a  2x2  MIMO  design  refer  to  Appendix  B. 


II-4  MIMO  Design  Theory  ( 3x3  System) 

This  section  is  devoted  to  a  3x3  MIMO  system  struc¬ 
ture  with  extension  to  a  general  nxn  system.  Several 
methods  are  discussed  of  ways  to  reduce  the  complexity 
required  in  the  design  process.  Finally,  a  discussion  of 
the  improved  design  technique  is  highlighted. 


Control  Structure 

The  system  structure  is  similar  to  that  of  the  2x2 
system  (Appendix  A) .  The  basic  structure  is  shown  in 
Figure  2-1  where  P  is  the  uncertainty  plant  matrix,  G  is 
the  compensator  matrix,  and  F  is  the  pre-filter  matrix. 

The  purpose  of  G  and  F  is  identical  to  those  of  the  SISO 
system.  Figure  2-2  shows  the  3x3  MIMO  structure  with  G 
being  diagonal.  The  general  form  of  the  aircraft  equations 
of  motion,. for  a  3x3  MIMO  system,  are  of  the  form: 


(aS  +  bjYj^  +  (cS  +  d)Y2  +  (eS  +  f)Y3 
=  gD,  +  hU,  +  iU7 


(2-1) 


(jS  +  k)YL  +  (IS  +  m)Y2  +  (nS  +  o)Y3 


P°1  +  <*U2  +  r03 


(2-2) 


Fig.  2-1.  The  3x3  Multiple  Input- 
Multiple  Output  Feedback  Structure 


(tS  +  v^  +  (wS  +  x)Y2  +  (aaS  +  bb)Y3 


=  ccU^  +  ddU2  +  eeU3 


(2-3) 
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Where  a  through  ee  are  constant  coefficients.  Equations 
(2-1)  through  (2-3)  can  be  written  in  matrix  notation  as: 


aS  +  b  cS  +  d  eS  +  f 


jS  +  k  IS  +  m  nS  +  o 
tS  +  v  wS  +  x  aaS  +  bb 


Equation  (2-4)  is  of  the  form: 


My  =  Nu 


g  h  i 


=  p  q  r 


cc  dd  eej 


(2-4) 


(2-5) 


where  the  output  matrix  M  multiplies  the  output  vector  y 
and  the  input  matrix  N  multiplies  the  input  vector  u. 
Equation  (2-5)  is  manipulated  to 


y  -  m’"1Nu 


(2-6) 


where 


P  *  M^N 


(2-7) 


is  defined  as  the  plant  matrix.  Thus  equation  (2-6) 


become  s 


y  =  p.u 


(2-8) 


The  remaining  elements  of  the  3x3  MIMO  system  can  be  repre¬ 


sented  in  matrix  form  as: 


(2-9) 


In  this  thesis  G  is  treated  as  a  diagonal  matr.x  but  G  can 
be  a  full  matrix  which  gives  the  designer  more  flexibility 
in  the  design  technique. 


Constraints  on  the  Plant  Matrix 

There  are  two  constraints  on  the  P  matrix  which 
must  be  satisfied.  These  constraints  are: 

1.  The  plant  matrix  P  must  be  invertible.  That 
is,  P-1  must  exist  (i.e. ,  P  must  not  be 
singular) . 

2.  As 

|Pllp22p33|  >  |pllp23p2l|  +  |p12p21p33|  . 

+  |  p12p23p3l|  +  j  p13p22p31 j  +  |  P3L3P21P32  j 

for  all  possible  plants  (10) . 

The  first  constraint  ensures  that  the  plant  is  control¬ 
lable.  If  constraint  2  is  not  satisfied,  then  the  original 
order  of  the  input  and  output  matrices  may  be  changed  to 
ensure  that  this  constraint  is  met.  It  is  to  be  noted 
that  constraint  2  is  not  required,  for  the  improved  design 
method.  The  only  requirement  is  that  the  diagonal  terms 
do  not  change  sign  as  S-  U.e.,  qu,  q22,  through  q^ 
where  i=j) . 
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Effective  SISO  Loops 


Jt 


First  define  a  matrix  Q*=P  having  elements  q|j 

and  a  matrix  Q=[q^j]  where  q^ j=l/q| j .  Thus  q^j  are  the 
2 

n  effective  transfer  functions  that  are  needed  for  the  QFT 

technique.  Using  the  above  transformation  the  3x3  system 

2 

is  now  treated  as  n  (nine)  SISO  problems  (10) .  Figure  2-3 
shows  the  resulting  nine  effective  SISO  loops.  Note, that 
the  first  subscript  on  d^j,  f^^  and  y^  ^  refers  to  the  ith 
input  and  the  second  sub script  to  the  jth  output.  Since 
q^j=l/q^j,  therefore  Q  can  be  represented  in  matrix  form  as 


i  '* 

qll 

q12 

q13 

Q  = 

q21 

q22 

q23 

i  e.  ■' 

■ 

q31 

q32 

q33 

(2-10) 


Using  Figure  2-3  the  input/output  relationship  is  defined 
as: 


‘ij  - 


(2-11) 


where  r^  =  1 


Therefore  the  final  equations  for  the  nine  SISO  effective 
loops  are: 


«  _  fllglqll  qlldll 

*  V”  ’ .  "TT ' " 


lll  1  + 


qlqll 


1  + 


glqll 


(2-12) 
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'  -  -  1  ■  -  - 


t  -  f12glqll  ,  qlld12 
12  -  1  +  giqn  1  +  giqu 


_  f13glqll  qlld13 

13  1  +  glqll  1  +  ql^ll 


t  =  f21g2q22  q22d21 

21  i  +  g2q22  1  +  ^2q22 

_  f22g2q22  q22d22 

22  1  +  q2q22  1  +  q2q22 


t  _  f23g2q22  +  q22d23 

23  "  1  +  g2q22  1  + 


t  -  f31g3q33  q33d31 

31  1  +  g3q33  1  +  g3q33 


t  -  f32g3q33  q33d32 

32  ~  1  +  g3q33  1  +  g3q33 

t  =  f 33q3q33  q33d33 

33  ..14-  g3q33  1  + 

where: 

dll  =  “  ft21/q12  +  fc31/q13J 

d12  [t22/q12  +  t32/q13I 

d13  “  “  ft23/qi2  +  fc33/q13* 


(2-12a) 

(2-12b) 

(2-120 

(2-12d) 

(2-12e) 

(2-12f ) 

(2-12g) 

(2-12h) 

(2-13) 

(2-13a) 

(2-13b) 
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d21  "  "  ^11^21  +  t31/q23] 


(2-13c) 


d22  =  “  [t12/q21  +  fc32/q23^ 


(2-13d) 


d23  "  “  tt:13/q21  +  t33/q23] 


(2-13e) 


d31  “  ”  [tll/q31  +  t21/q32J 


(2-13f ) 


d32  *  ”  tfc12/q31  +  fc22/q32] 


(2-13g) 


d33  =  “  [t13/q31  +  t33/q32I 


(2-13h) 


Finally,,  the  above  equations  can  be  written  in  a  general 
2 

form  for  any  n  equivalent  single  loop  feedback  structure 


I  m* 


(10:680).  Thus  in  general  form: 


f..Q.a..  +  d . .g. . 
1  +  g.q. . 


(2-14) 


where : 


dil  =  "  Pkj^ik  ““"‘i 


Equation  (2-14)  can  be  expressed  as 


fcij 


f .  .L.  +  d.  -q. . 
11  x  11^11 


1  +  1 . 


(2-15) 


where 


L.  “g.q. . 

i  *i*ii 
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Simplification  of  the 
Single-Loop  Structure 


The  single-loop  structure  in  Figure  2-3  has  two 
components,  one  due  to  the  input  r^  (assume  r^=l)  and  one 
due  to  the  disturbance  input  d,^.  Therefore,  the  control 
ratio  t^j  is  the  sum  of  control  ratios  each  involving  the 
jth  input  and  can  be  written: 


Tij +  T 


(2-16) 


where 


f .  .L. 

1  +  L. 
i 


d.  .q .  . 
1  +  L± 


(2-17) 


For  a  fixed  P  which  is  an  element  of  the  universal  set  p, 

1 1 .  .  I  occurs  at 
1  i j 1  max 


l^ij^max  ^  J  ^kj^ijJmax 


(2-18) 


Since  the  relative  phases  of  are  not  known,  the 

design  process  must  use  the  extreme  cases: 


kL  .^Sli^ax  _  kL  ^bij|  &  d 

k#1  i^Tvl  ■  k^li7wl  i 


(2-19) 


The  terra  b^^  is  the  control  ratio  that  represents  the 
maximum  allowable  magnitude  of  the  output  due  to  the  dis¬ 
turbance  input  which  is  one  of  the  required  design  specifi 


cations 


Performance  Tolerances 


The  performance  tolerances  are  divided  into  two 
separate  portions.  One  set  of  tolerances  for  the  inter¬ 
acting  loop  (tracking  loop)  and  a  second  tolerance  for  the 
Basically  Non-Interacting  (BNIC)  loop  (Appendix  A).  Thus, 
for  the  BNIC  loop  it  is  necessary  that: 


t.  .  (jw)  +  Tj  (jo»)  <  x 


+  x. 


max  —  ij  max  d.  . 

1  1  J1  1  lj'max 


=  \Xd..\  ±bij(u) 
1  'max  J 


(2-20) 


The  above  equation  can  be  justified  since  the  relative 

phase  of  the  two  terms  (x.  .(ju>)  and  x.  ( jtu) )  are  not 

3  ij 

known.  Then  x^j(ju)  can  be  forced  to  zero  by  simply  select¬ 
ing  for  i=j»  to  be  zero,  b^j(juj)  is  the  upper  bounds 

for  the  design  specification  on  the  disturbance  rejection 
(10:681).  The  performance  tolerance  for  the  interacting 


loop  is: 


aij(u)  <|Tij(ju>)  i  (2-21) 


where”  a^j  and  b^  are  the  upper  and  lower  bounds  of  the 
design  specifications  for  the  interacting  loop.  Applying 
the  above  tolerances  to  the  BNIC  loop  results  in  the  fol¬ 


lowing  inequality: 


|  ,q .  .  Id.. 

[t  |, "a .-La  <  |b 

13  |1  +  Lj  13 


(2-22) 


where  for  the  3x3  system 


dijl  =  lbkj/qjk  +  bki/9ikl  fc!,i 


Rearranging  Equation  (2-22)  yields  the  following  inequality 


lbki/qik  +  bki/qikl 
i  >  k3  3k  "ki  ik  x  |q.  | 

'  13  1 


(2-23) 


Equation  (2-23)  is  used  in  the  design  of  all  BNIC  loops, 
which  generates  the  required  bounds  on  the  loop  transmis¬ 
sion  for  a  disturbance  input. 

The  interacting  loop  tolerance  generates  the  fol¬ 
lowing  conditions  which  must  be  satisfied  in  the  design: 


a 
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.  £iiL_i 

1+L . 
1 


ld. 


1+Li 


(2-24) 


where  the  bounds  on  Td  are  found  exactly  as  outlined 

Qi  j 

above  and  the  bounds  on  are  determined  using  the  plant 

uncertainty  (templates)  and  the  given  tolerances  a^^  and 


b^j  on  the  interacting  loop.  It  must  be 
tolerances  given  by  a^j  and  b^^  are  for  t^- 
entire  interacting  loop.  Therefore,  the 
be  divided  between  the  interacting  and  BNt 
one  of  the  equations  of  Equation  (2-24)  ij 
dominant  than  the  other,  then  the  entire 
dedicated  to  that  particular  portion.  Thje 


noted  that  the 
he  bounds  on  the 
tolerances  must 
C  cases.  If 
5  much  more 
Dounds  can  be 
designer  is 
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V 


cautioned  that  if  one  of  :  .  .  or  t,  dominates',  it  must  be 

13  dij 

verified  over  the  entire  frequency  range  of  interest. 
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Improved  Design  Technique  • 

The  improved  technique  reduces  the  inherent  over- 
design.  The  unimproved  technique  does  not  exploit  the 
correlation  between  the  t^j  of  the  system.  With  the 
improved  technique  this  correlation  between  the  t^'s  is 
taken  into  account  for  the  second  and  subsequent  loop 
design.  This  technique  is  highlighted  using  a  3x3  MIMO 
system  as  an  example. 

Assume  that  loop  one  is  the  first  loop  to  be 
designed.  Therefore  the  general  equation  for  these  three 
SISO  problems  is  obtained  from  Equation  (2-14)  (9:977-988) 

and  is  given  as: 


f  L1  +  dliqil 


1  +  L, 


j  =  1,2,3 


(2-25) 


Ll’  9iqn;  4lj  * 


Using  Equation  (2-25)  the  element  and  are  designed 
such  that  t^'s  are  stable  and  meet  the  desired  tolerances 
or  specifications.  With  loop  one  design  completed,  the 
second  loop  design  can  now  be  accomplished.  The  general 
equations  for  loop  two  are  obtained  using  Eauation  (2-14)  . 
The  resulting  equation  is: 
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I  ft' 
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The  final  loop  is  accomplished  in  a  similar 
as  the  second  loop  design.  The  resulting  equations 


£3jL3e  *  d3e 
a  +  l3s) 


_  V 

*3e  e-A 


L3e  “  q33eg3 


-  q33£ 
‘33e  e-A 


A  =  Y23(1  +  ,Li>  +.Yi3<1  +  l2J 


-  <Y12Ul  +  y13u2) 


e  =  U  +  L.  )  (1  +  L-)  -  Y 
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u 


21^33 


_  m  q31q22 

1  q23q31  ‘r  ^  q32q21 


qllq22 


q22q33 


12 


q12q21  23  q23q32 


qllq33 


13  q13q31 
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manner 

are: 

(2-28a) 

(2-28b) 

(2-28c) 

(2-28d) 

(2-28e) 

(2-28f ) 

(2-28g) 

(2-28h) 

(2-28i) 


1 


* 


d3i 


fliLlq33nl  +  £2iL2q33n2 

e  -  A 


(2-28  j ) 


n  =  22 

1  q21q31 


-  (1  +  L-)/q 


2  ^31 


(2-28k) 


n  -  qi1 
= - 

2  q12q31 


qT-oT  -  (1  +  Li»/q32 


(2-28L) 


1  #)• 


In  Equations  (2-28a)  through  (2-28L)  L^,  L^,  f^j,  ^2j'  are 
all  known;  therefore,  the  only  unknowns  are  and  g^. 

These  now  constitute  single-loop  uncertainty  problems  and 
can  be  designed  using  the  methods  outlined  in  Appendix  A. 

The  required  elements  are  designed  to  the  desired  tolerances 
or  specifications.  This  completes  the  improved  3x3  MIMO 
design  technique.  If  all  loops  are  designed  to  meet  the 
given  tolerances,  then  the  desired  response  from  the  MIMO 
system  is  guaranteed. 


Equilibrium  and  Tradeoffs  . 

Equilibrium  exists  when  it  is  impossible  to  reduce 
the  burden  on  any  ,  without  increasing  it  on  some  other 
Lj  (10:683) .  This  simply  states  that  some  of  the  design  • 
tolerances  may  be  decreased  or  increased  for  certain  loops 
without  making  it  more  difficult  on  other  loops.  This 
results  in  only  one  column  of  the  equivalent  SISO  systems 
being  dominant.  However,  after  equilibrium  is  reached, 
it  may  be  desirable  to  sacrifice  one  loop  for  the  sake  of 
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another.  This  involves  "tradeoffs"  between  the  different 
loops.  It  should  be  noted  that  these  tradeoffs,  when  used, 
always  make  it  harder  on  one  loop  when  reduction- is 
accomplished  in  another. 

II-5  Summary 

This  chapter  describes  the  design  technique  used 

in  the  design  of,  single  input-single  output  and  multiple 

input-multiple  output  systems.  First,  the  SISO  system 

technique  is  outlined  and,  second,  the  technique  is 

expanded  to  the  MIMO  system.  Finally,  the  guidelines  for 

reducing  the  MIMO  system  to  a  simple  SISO  system  problem 

is  illustrated  with  a  3x3  design  overview  with  extension 

2 

to  any  general  n  MIMO  system. 
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III.  Aircraft  Model 

III-l  Introduction 

The  model  used  in  this  thesis  is  the  KC-135  trans¬ 
port  aircraft.  A  linear  three  degree-of-freedom  model  xs 
generated  for  both  the  lateral  ^nd  longitudinal  modes  for 
each  of  the  three  selected  flight  conditions  (F.C.). 

These  conditions  are  selected  to  represent  the  aircraft 
over  a  wide  range  of  performance  which  represent  the  uncer¬ 
tainty  in  the  plant  parameters.  This  uncertainty  is  the 
variation  in  the  aircraft  stability  derivatives  between 
the  respective  F.C. 's.  Onte  robust  controller  is  designed 
to  operate  over  a  wide  range  of  the  aircraft  flight 
envelope  which  is  represented  by  the  given  F.C.'s.  The 
conditions  selected  for  this  design  are  a  high  altitude, 
high  speed  cruise  at  45,500  feet  and  Mach  0.77  (745  ft/ 
sec),  a  medium  altitude  cruise  at  28,500  feet  and  Mach  0.77 
(771  ft/sec) ,  and  a  low  speed  landing  condition  at  Mach 
0.21  (235  ft/sec). 

This  chapter  and  Appendix  C  outline  the  basic  air¬ 
craft,  sign  convention,  axis  system,  and  the  linearized 
equations  of  motion  used  in  the  design  for  this  thesis. 
Appendix  C  also  outlines  the  conversion  of  the  nondimen- 
sional  stability  axis  derivatives  to  the  dimensional  body 
axis  and  the  addition  of  the  first  and  second  body  bending 
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modes  for  the  longitudinal  plane  which  is  used  in  this 
thesis.  . 

III-2  Equations  of  Motion 

The  aircraft  models  used  in  this  thesis  are  devel¬ 
oped  using  six  degree-of- freedom  equations  of  motion.  It 
is  assumed  that  there  is  no  coupling  between  the  lateral 
and  longitudinal  modes  of  operation.  Thus  the  six  degree- 
of-freedom  model  is  reduced  to  two  models  with  three 
degrees-of-motion.  One  model  for  the  lateral  plane  and  a 
second  model  for  the  longitudinal  plane. 

The  assumptions  stated  in  Chapter  I  are  used  in 
the  development  of  these  models  in  conjunction  with  the 
following  assumptions: 


2.  X*  =  Z-  =  0 

a  a 

3.  U  =  Constant  &  V  =  =  0 

o  o  o 

4.  W  =  U  a  &  W  =U’’a 

o  o 

.  5.  V  -  u  8  &  V  ■  U  6 

o  o 

The  equations  of  motion  developed  for  the  lateral  plane 
are  as  follows: 


[c 


[i 


la  e 


w 


P  *  ^xz'W^  +  V  +  V  *  Lrr 


+  L,  6  +  L.  6 

5r  r  6w  w 


(3-2) 


*  -  :<Ix*/^z,P  +  V  +  V  +  Nrr 


'  +  NS  6r  +  NS  5w 
■  r  w 


<p  =  p  , 


•<l»  *  r 


(3-3) 


(3-4) 


(3-5) 


Equations  (3-4)  and  (3-5)  are  justified  since  the  pertur¬ 
bations  from,  equilibrium  are  assumed  to  be  small.  The 
relationship  between  the  sideslip  velocity  v  and  the  side¬ 
slip  angle  0  is  given  by  the  following: 


tan  8  =  ” 


(3-6) 


Since  8  is  small,  the  small  angle  approximation  is  used 
and  assumed  valid  for  this  thesis.  Therefore, 


_  v 
S."  U. 


(3-6a) 


<5r  and  <$w  represent  displacement  in  the  rudder  and  control 
wheel  respectively.  Substituting  Equations  (3-4)  through 
(3-6a)  into  Equations  ( 3—1)  through  (3-3)  and,  taking  the 
Laplace  Transform  yields  the  following  three  equations: 
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(S  -  Yg/Uo)0  -  [(Yp/U0  +  ao)S  +  gcos90/Uo](|> 
+  [Id  - .  Yr/U0)Si*  =  Yfi  /pQ«r  +  Yfiw/U0<Sw 


(3-7) 


■LgB  +  (S2  -  LpS)<J>  -  [(IXZ/IXX)S2  +  LrS]i^ 
=  L  -  6  +  L  »  5 

6r  r  iw  w 


(3-8) 


-V  -  t(I**/I**,s2  +  VH  +  [s2 "  V]  + 

“  N«  5r  +  NS  6w 
r  w 


(3-9) 


(D< 


Using  Appendix  C,  Equations  (3-7)  to  (3-9)  are  converted 
to  a  prime  notation  which  now  places  all  coefficients  in 
the  body  axis  system  which  is  used  in  the  design  for  this 
thesis.  Thus,  the  equations  are  written  as: 


(S  -  ygl)  8  -  YplS  +  -  (Yr,S)<!> 

«r  +  V«w 


(3-10.) 


-Lg  ,0  +  (S*  -  L  ,)<fr  -  <L  .Sty 


(3-11) 


-Ng.B  -  (NplS)4.  +  <S*  -  Nr,S)^ 


“  Vr  + 


(3-12) 
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Equations  {3-10)  to  (3—12)  are  the  actual  equations  used 
in  Chapter  IV  for  the  design  of  a  robust  lateral  controller. 

The  equations  developed  for  tne  longitudinal  plane 
are  as  follows: 

u  =  -g0cos0Q  +  Xuu  +  Xaa  +  X*a  +  Xqq  -  UQaq 

+  X.  <50  +  X.  6  .  +  X.  6_  (3-13) 

6e  e  Ssb  sb  5T  T 


w  =  U  q  -  g0sin0  +  Z  u  +  Z-a  +  Z  a  +  Z  q 
on  ^  o  u  a  a 


+  Z,  6  +  Z .  6  , 

o  _  e  6  .  sb 

e  sb 


(3-14) 


q  =  M  u  +  M-a  +  M  a  +  M  a  +  Mx  +  M*  6  .  (3-15) 

^  u  a  a  q^  6  e  6  .  sb 


0  •  q  (3-16) 

h  =  U  ( 9  -  a)  (3-17) 

o 

w  ®  U  a  (3-18) 

o 

w  -  U  a  (3-19) 

o  . 


where  SQ,  6sb,  and  6^  represent  displacement  in  elevator, 

, •  speed  brakes,  and  thrust  respectively.  Substituting 

Equations  (3-16)  to  (3-19)  into  Equations  (3-13)  to  (3-15) 
and  taking  the  Laplace  Transform  yields  the  following 

•  •  three  equations: 

►  »  *  . 


Equations  (3-23)  to  (3-25)  are  used  in  Chapter  V  for  the 
design  of  a  robust  controller  in  the  longitudinal  plane. 

III-3  Summary 

This  chapter  outlines  the  lateral  and  longitudinal 
equations  of  motion.  These  equations  are  used  in  Chapters 
IV  and  V  for  the  design  of  the  lateral  and  longitudinal 
controllers.  Appendix  C  gives  a  basic  aircraft  descrip¬ 
tion,  sign  convention,  and  the  conversion  of  the  nondimen- 
sional  stability  axis  derivatives  to  the  dimensional  body 
axis  system.  Finally,  Appendix  C  develops  the  first  and 
second  body  bending  modes  used  in  Chapter  V  to  eliminate 
the  assumption  that  the  aircraft  is  a  rigid  body.  The 
body  bending  modes  are  only  considered  for  the  longitudinal 


case. 


IV.  Lateral  Design 


IV-1  Introduction 

This  chapter  is  devoted  to  the  design  of  a  robust 
lateral  controller  for  the  KC-135  aircraft.  The  three 
degrees-of- freedom  model  derived  in  Chapter  III  is  reduced 
to  two  inputs  and  two  outputs.  These  equations  are  used 
in  the  design  of  a  lateral  control  to  perform  two  maneu¬ 
vers.  One  maneuver  is  a  coordinated  turn  (i.e.,  bank 


angle  commands  with  minimum  sideslip) .  The  second  maneuver 
is  a  commanded  sideslip  with  minimum  bank  angle.  This 
design  is  completed  using  the  improved  design  technique 
outlined  in  Chapter  III  and  in  Appendix  B. 

The  q^'s  are  determined  using  the  2x2  input  and 
output  matrices  which  are  required  in  this  design.  The 


specifications  are  modeled  in  the  time  domain  and  converted 


to  the  frequency  domain.  Using  the  above  specifications. 


the  nominal  loop  transmission,  ^2o'  designed  by  the  stan¬ 
dard  QFT  technique  and  the  required  pre-filter,  ?22' 
developed.  The  improved  design  technique  is  used  to 


synthesize  the  nominal  loop  transmission,  L^Q,  and  the 
final  step  in  the  design  is  the  development  of  the  pre¬ 


filter  F^  which  pieces  the  derived  response  within  the 
frequency  domain  specifications. 


IV-2  Input  and  Output  Matrices 

The  required  equations  of  motion  developed  in 
Chapter  III  are  as  follows: 

-(Y^,  +  YplS)<|>  +  (S  -  Ygt)6  -  Yr,S*  =  YfiI  <Sw  +  Yfi ,  fir 

(4-1) 

(“S2  -  Lp ,  S )  4>  -  Lg ,  S  -  LrS^  =  L5,  5w  +  Lg,  fir  (4-2) 

N  S<p  -  N  B  +  (S  -  N  ,  S)  ip  =  N  ,  fiw  +  N  ,  fir  (4-3) 

F  ,  p  w  0  r 

Substituting  the  dimensional  body  axes  coefficients 
into  Equations  (4-1)  to  (4-3)  for  F.C.  #1  yields: 

-  ( .  039665S  +  .04322)'$  +  (S  +  .0769173  +  . 99629S^ 

=  -  . 00074615fiw  +  . 0266475r  (4-4) 

(S2  +  . 75011S) $  +  4.44998  -  .24613S$ 

=  .  36331035w  +  .6186465r  (4-5) 

.  012277S$  -  1.42597B  +  (S2  +  .  15052S) tf; 

.  *  . 0207755w  -  1. 01653fir  (4-6) 

The  resulting,  equations  for  F.C.'s  #2  and  #3  are  included 
in  Appendix  E. 

Equations  (4-4)  to  (4-6)  have  two  inputs  and  three 
outputs.  This  design  technique  requires  that  the  number 
of  inputs  be  equal  to  the  number  of  outputs.  Thus,  one  of 
the  outputs  must  be  eliminated  from  these  equations.  The 


desired  outputs  are  bank  angle  4*  and  sideslip  3;  therefore, 
the  output  p  is  mathematically  eliminated  from  the  equa¬ 
tions.  This  is  accomplished  by  solving  for  P  in  Equation 
(4-4)  and  substituting  this  into  Equations  (4-5)  and  (4-6). 
Therefore,  solving  for  4*  in  Equation  (4-4)  yields: 

4  -  1/s  [  ( .  03981S  +  .  0 4 33 8 ) 4>  -  (S  +  .0772)3 

-  .00749<5w  +  .  02675^  r]  (4-7) 

Substituting  Equations  (4-7)  into  (4-5)  and  (4-6) 
yields  the  desired  two  input-two  output  model,.  These 
equations  are: 

(S2  +  .  74028S  -  .010714)4*  (.24789S  +  4.46897)3 

=  .  363103<5w  +  .  61846<$r  (4-8) 

(.  039665S2  +  .  06142S  +  .0065)4*  -  (S2  +  .227437S  +  1.43226)3 
=  ( . 00074615S  +  . 207051) 5w  -  (.026647S  +  ,909021)5r 

(4-9) 

Equations  (4-8)  and  (4-9)  no  longer  explicitly 
represent  the  rolling  and  yawing  movements  of  the  aircraft 
since  sideforces  are  now  included  in  each  equation.  How¬ 
ever,  the  mathematical  representation  of  the  aircraft  in 
flight  is  retained. 

As  outlined  in  Appendix  B,  input  and  output 
vectors  are  defined  respectively  as: 


Also  define  an  input  matrix  N  which  premultiplies 
the  input  vector  and  an  output  matrix  M  which  premultiplies 
the  output  vector.  Therefore,  Equations  (4—8 )  and  (4-9) 
can  be  represented  in  matrix  form  as: 


(S2+.74028S-. 010714) 

(.24789S+4. 46897) 

4> 

(. 03 966 5S2+. 0614 2S+. 0065) 

(S2+.227437S+1. 43226) 

8 

. 363103S  .618646 

S 

(.0074615S+. 207051)  -  (. 026647S-. 909021) 

Representing  Equation  (4-10)  in  general  terms 
My  -  N(5 
2  =  M_1N 6 

Let  P  =  MN-1 

and  P-1  =  N-1M  =  Q' 

The  first  constraint  on  the  system  is  that  the 
inverse  of  P  exists.  Since  the  inverse  of  N  exists  (i.e.  , 
N.  is  non- singular) ,  then  the  inverse  of  P  exists.  Like¬ 
wise,  the  inverse  of  M  exists;  therefore  P  is  non-singular. 

Q'  is  computed  using  a  computer  program  and  the 
resulting  q!^'s  are  obtained.  The  q^'s  required  in  the 
design  process  are:  q^j's  =  1  /<q  *  ^  j  '  3 

The  resulting  q^'s  for  each  of  the  flight  condi¬ 
tions  are  as  follows: 


w 


(4-10) 


(4-21) 


6.318  (S  +  11.36) 

q21  (S  -  .1196)  (S  +  1.049)  (S  +  181.6) 


.04033  (S  +  11.36) 
q22  (S  +  .6041  ±  j  1.789) 


(4-22) 


The  second  constraint  on  the  system  is: 


> 


as  S-»“» 


or 


and  equivalent 


<  1 


qll  q22 
q12  q21 


<  1 


For  each  of  the  three  flight  conditions  the  above 
inequality  holds  true  (i.e.,  as  S-*®  the  denominator  is 
always  larger  than  the  numerator) .  Therefore,  the  magnitude 
is  always  less  than  one  over  the  entire  frequency  of  inter¬ 
est. 

IV- 3  '  Effective  SISO  Systems 

A  2x2  MIMO  system  is  represented  as  four  SISO  sys¬ 
tems  as  demonstrated  in  Appendix  B.  These  four  SISO  sys¬ 
tems  are  shown  in  Figure  4-1. 


38 


Fig.  4-1.  Effective  SISO  Systems 

In  this  design  the  command  inputs,  and  r2  are: 

(Bank  angle  command.)  =  30;  r2  (Sideslip .  angle  command) 

=  5.  It  is  desired  that  the  outputs  Y^  and  Y22  track  the 
inputs  r^  arid  r2  respectively  and  the  outputs  Y^2  and  Y2^ 
responses  due  to  r2  and  r^  respectively  be  ideally  zero. 
Thus  the  next  step  in  the  design  is  to  model  the  desired 
responses  that  are  considered  acceptable  for  the  system  for 
any  given  input. 

IV-4  Response  Models 

The  response  models  used  in  this  thesis  are  devel¬ 
oped  from  Reference  17  which  demonstrated  identical  maneu¬ 
vers  for  the  Porter  design  technique.  However,  it  is  not 
required  that  such  specification  be  available.  For  example 
the  user  will  specify  an  acceptable  range  of  response  or 
specification  which  is  desired  from  the  system.  These 


specifications  are  normally  in  the  form  of  t  ,  T  ,  M  , 

9  5  p 

Tp,  etc.  These  specifications  are  modeled  in  the  time 
domain  and  then  transformed  to  the  frequency  domain. 

The  specifications  used  in  the  design  of  this 
thesis  are  as  follows: 

1.  Bank  Angle  Command: 


»  #• 


Ty  -  Optimal  settling  time,  ts,  of'  4  seconds 
(i.e.,  t  ,  is  +  2%  of  final  value). 

S  ~  1 

Tl  -  Worst  acceptable  case  is  a  settling  time, 
t  ,  of  10  seconds. 

5 

Td  -  The  acceptable  or  worst  case  for  sideslip 
during  the  coordinated  turn  maneuver  is 
a  peak  value,  M^,  of  1  which  settles  to 
zero  in  approximately  10  seconds. 

2.  Sideslip  Angle  Command: 

Ty  -  Optimal  settling  time,  tg,  of  8  seconds. 
Ty  -  Worst  acceptable  case  is  a  settling  time, 
t  ,  of  15  seconds. 

5  ■  ■ 

Tq  -  The  acceptable  or  worst  case  for  bank 

.  angle  $  during  the  sideslip  maneuver  is 

a  peak  value,  M  ,  of  1  which  settles  to 
P 

zero  in  approximately  20  seconds. 

The  time  domain  specification  models  are  included  in 
Appendix  E. 
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The  selection  of  which  loop  to  design  first  is 
entirely  up  to  the  designer.  However,  it  is  recommended 
that  the  loop  with  the  smallest  amount  of  uncertainty  be 
designed  first  and  the  loop  with  the  largest  amount  of 
uncertainty  be  designed  last  via  the  improved  design 
technique.  This  reduces  the  overdesign  inherent  in  the 

design  technique.  In  this  thesis,  loop  two  is  selected 

.  ^ 

to  be  designed  first. 

In  this  design,  one  compensator  is  to  be  selected 
which  performs  two  functions.  The  first  is  for  the  system 
to  track  a  given  input  (i.e.,  r2>  and  the  second  is  to 
reject  the  unwanted  output  y2^  due  to  the  bank  angle 
command;  i.e.,  for  y21  to  be  ideally  zero. 

The  SISO  systems  used  in  this  design  are  shown  in  ■ 
Figure  4-2. 


Fig.  4-2.  Loop  2  SISO  Systems 

Since  it  is  desired  to  have  y2^  approach  zero 
(Figure  4-2a) ,  the  pre-filter  f2^  can  be  selected  to  equal 
zero.  Therefore,  this  loop  now  becomes  a  BNIC  (Appendix  A) 


1 


c  »• 


The  equation  for  the  BNIC  loop  is  given  as: 


'21 


q22d21 
1  +  q22g2 


(4-23) 


where 


Therefore 


where 


d21  “  _tll/q21 


"  [q22/q21]  x  fcll 


'21 


1  +  L. 


(4-24) 


L2  g2q22 


It  is  desired  that  the  magnitude  of  t2^  be  below 
some  acceptable  maximum  (i.e.,  the  bound  TQ  =  ^21^  and 
that  the  worst  case  for  t^  is  the  maximum  allowable 
response  (i.e.,  the  bound  t^=b^^) .  Therefore,  Equation 
(4-24)  Can  be  rearranged  to  yield  the  following  inequality: 


'21 


q22 ' ' bll 
1  +  L- 


Therefore 


‘21 


.  N 

1  +  L2^  -  |b 


<  Ib21i 


22'  bll | 
21  ^q21 


(4-25) 


(4-26) 


can 


If,  for  example.  Equation  (4-31)  has  a  much  smaller  magni¬ 
tude  than  Equation  (4-30)  ,  then  the  entire  bound  on  t22 
can  be  used  for  Equation  (4-30)  .  However,'  if  this  is  not 
the  case,  the  designer  must  select  the  ratio  of  t22  to 


Since  f22  is  to  be  designed,  there  is  no  uncer¬ 
tainty  in  the  pre-filter.  Thus,  for  the  design  of  loop 
two  (Figure  4-2b)  set  f22  equal  to  one  (note:  this  is  for 
design  purposes  only). 

l2 

Therefore  fc22  =  r"+~~L~  (4-32) 

Equations  (4-;26)  ,  (4-31)  ,  and  (4-32).  are  now  used  in  the 
design  of  the  nominal  loop  transmission  for  loop  two. 

The  design  process  is  illustrated  for  determining 
the  bounds  on  L_  at  one  particular  frequency. 


BNIC  Loop 

The  BNIC  loop  is  selected  first  to  determine  the 
required  bounds  at  w  =  0.1  radians /sec.  The  BNIC  loop 
is  shown  in  Figure  4-4. 


Fig.  4-4.  Basic  Non-Interacting  Loop  Two 


The  design  equation  for  this  loop  is  given  as: 


1+L2l! 


*22 '  I  "111 


'211 1*211 


(4-33) 


Where  and  b21  are  the  upper  bounds  or  specifications 
on  the  two  responses.  The  magnitudes  only  are  required 
for  the  above  inequality  for  determining  the  bounds  on  1*20* 
Thus  this  equation  can  be  redefined  using  log  magnitudes 
as 


Lm  (1  +  L2)  =  Lm  (< j22)  +  km  —  km  <<32l ^ 

-  Lm  (b21)  (4-34). 


To  ensure  positive  phase  and  gain  margin  the  universal 
high  frequency  bound  is  selected  to  be  the  -3db  contour 
line  on  the  inverted  Nichols  Chart  as  outlined  in  Appendix  A 
Thus  the  design  requires  that 


Lm  (1  +  L2)  >_  -3db 


The  magnitudes  of  the  q22's  ^or  eac^  t^lfe  fkree  flight 
conditions  are  shown  in  Figure  4-5.  For  the  design  of 
L2q/  flight  condition  #3  is  selected  as  the  nominal  plant 
The  nominal  loop  transmission  is  defined  as 


L2o  “  g2  q22o 


g2  q22  q22o 
q22 


(4- 


Table  4-1  contains  the  log  magnitude  of  each  of  the  required 
elements  of  Equation  (4-33)  used  in  the  design  for  to  =  0.1 
rad/sec. 


TABLE  4-1 

ELEMENT  FOR  DESIGN  EQUATION  AT  to=0.1  RAD/SEC 


1  ement 

F.C.  #1 

F.C.  #2 

F.C.  #3 

bll  1 

-0.05 

in 

o 

• 

o 

'  -0.05 

b2ll 

-34.2 

-34.2 

-34.2 

q22o  1 

-17.8 

-17.8 

-17.8 

q2il 

30.0 

42.46 

7.63 

q22  1 

-9.87 

-5.03 

-17.8 

Note:  F.C.  =  Flight  Condition. 

For  each  of  the  three  F.C.  the  bounds  on  Lm(I  +  L9) 
are  determined  using  Equation  (4-33) .  These  bounds  are: 


F.C.  #1:  Lm  (1  +  L2)  =  -5.72db 

F.C.  #2:  Lm  (1  +  L2)  =  -13.34db 

F.C.  #3:  Lm  (1  +  L2)  -  8.72db 

On  the  inverted  Nichols  Chart  the  Lm  (1  +  L2)  is 

given  by  the  contour  lines  and  Lm  (L2)  can  be  obtained 
from  the  vertical  scale  of  the  Nichols  Chart. 

Converting  the  loop  transmission  to  nominal  loop 
transmission  requires  that  the  contour  of  Lm  (1  +  L2) 
must  be  translated  up  or  down  the  Nichols  Chart  the 


required  amount  given  by  Equation  (4-35).  For  example, 

F.C.  #1  requires  that 

Lm  (1  +  L2)  _>  -5.72«Ib 

Now  Lm  (L2q)  =  Lm  (L2)  +  Lm  (q22Q)  ”  I*m  ^22^ 

And  for  this  example,  the  variation  in  Lm  (L2>  is  approxi¬ 
mately  -6.2db  to  3db.  The  maximum  magnitude  is  selected 
to  determine  the  allowable  magnitude  of  12q. 

Thus  Lm  (L-  )  =  3db  -  17.8db  +  9.87db  =  -4. 92db 

2o 

Therefore,  Lm  (1  +  L2q)  j>  -10.64db  which  means  that,  for 
F.C.  #1,  the  nominal  loop  transmission  must  be  on  or  above 
the  -10. 64db  contour.  This  process  is  repeated  for  the 
remaining  two  flight  conditions.  The  dominant  bounds  for 
w  =  0.1  rad/sec  occur  for  F.C.  #3  and  is 

Lm  (1  +  L2o)  >_  8 . 72db 

Tracking  Loop 

.  The  next  step  in  the  design  is  to  determine  the 
required  bound  on  the  tracking  loop.  This  loop  is  shown  in 
Figure  4-6.  There  are  two  inputs  for  this  loop.  The 
command  input,  r2 ,  and  a  disturbance  input,  d22*  T^e  ^s“ 
turbance  input  being  the  interaction  of  loop  one  with  loop 
two.  The  equivalent  oISO  systems  for  this  portion  of  the 
design  are  given  in  Figure  4-7. 


Fig.  4-6.  SISO  System  -  -  Tracking 


(a)  (b) 

Fig.  4-7.  Effective  Loops — Tracking 


Equation  (4-31)  is  used  in  the  determination  of 
the.  bounds  required  for  Figure  4-7 (b) .  Dividing  top  and 
bottom  of  Equation  (4-31)  by  ^220  an^  rearranging  yields 
the  following  design  equation:' 


[b12/q21]  x  q22 
1  +  L2o  (q22/q22o) 


(4-37) 


The  magnitude  of  t,  can  now  be  determined  using  Equation 

22 

(4-37)  and  Table  4-2. 


TABLE  4-2 


ELEMENTS 

FOR  DESIGN 

EQUATION  AT  o)=0.1 

RAD/SEC 

Element 

F.C.  #1 

F.C.  #2 

F.C.  #3 

|bl2l 

-23.11 

-23.11 

-23.11 

-0.5025 

-0.5025 

-0.5025 

1  b^2l 

-0.2208 

-0.2208 

-0.2208 

1  q22^ 

-9.87 

-5.03 

-17.8 

1  ^21' 

30.0 

42.46 

7.63 

^  q22o^ 

-17.8 

-17.8 

-17.8 

The  magnitude  |  1/1  +  L2o|  recIuired  bound 

on  the  BNIC  loop.  Thus  to  determine  the  magnitude  of 


— — = - £ - 7 -  L_  must,  be  adjusted  by  the  amount  given 

1  +  L2oq22/q22o  20 


by  the  magnitude  of  ^22^220’  therefore ,  the  bounds  on 


I.  are  as  follows: 
d22 


F.C.  #1:  Tj  >  -  79. 63db 
d22  " 


F.C.  #2:  Tj 1  >  -  92 . 12db 

d22  " 


F.C.  #3:  x,  >  -  57. 26db 
d22  -  ’ 

The  above  bounds  on  1,  are  considered  small. 

d22 

Therefore,  the  entire  bounds  can  be  devoted  to  the  x ^ 


m 


term  in  Equation  (4-29).  For  a>  =  0.1  radians/second, 
these  bounds  are  given  by 


Lm  (b22)  -  Lm  (a22)  =  0.282db 


B  #)  • 


Now  determine  if  the  bounds  on  the  BNIC  loop  satisfy 
the  bounds  for  the  tracking  loop.  This  is  given  by 

minus  |t-~l  .  .  The  template  of  (the  uncer- 

tainty  in  the  plant  at  u>  =  0.1  rad/sec)  is  used  in  this 
determination.  However,  first  the  bounds  for  the  BNIC 
loop  must  be  converted  frdm  the  inverse  Nichols  Chart  to 
the  regular  (upright)  Nichols  Chart.  The  template  of  q22 
for  w  =  0.1  rad/ sec  is  a  straight  line  with  a  magnitude  of 
7.92db.  It  is  seen  from  the  Nichols  Chart  (Figure  4-8) 
that  the  bounds  on  the  BNIC  loop  do  not  meet  the  required 
bounds  or  specifications  for  the  tracking  loop.  Therefore, 

i 

the  worst  case,  is  selected  as  the  dominant  bound  at 

w  =  0.1  rad/sec.  This  bound  is  generated  by  using  the 

/  •  ' 

template  of  q22  as  outlined  in  Appendix  A.  The  templates 
of  q22  fo:  each  of  the  frequencies  of  interest  are  included 
in  Appendix  E. 

Tills  process  is  repeated  every  octave  over  the 
frequency  from  w  =  0.1  rad/sec  to  w  -  500  rad/sec.  It 
is  to  be  :ioted,  as  shown  in  Figure  4-8,  that  for  certain 
frequencies  such  as  for  w  =  0.1  rad/sec  the  BNIC  loop 
dominates  for  a  portion  of  the  bound  on  L2q  and  the  track-, 
ing  loop  dominates  for  the  remaining  portion.  Thus,  the 


Tv- 


composite  of  the  two  bounds  must  be  used  to  form  the 
bounds  on  the  nominal  loop  transmission,  1*20'  At  an^ 
above  to  =  1  rad/ sec  the  BNIC  loop  generates  the  dominant 
bounds  on  L 2  .  Also  at  and  above  to  =  1  rad/sec  the  BNIC 
bound  becomes  the  -3db  oval  (i.e.,  the  UHF  bounds).  The 
requirement  on  the  design  above  to  =  20  rad/sec  is  that  the 
templates  not  penetrate  the  3db  UHF  bounds  as  shown  in 
Figure  4-9.  This  completes  the  determination  of  the 

bounds  on  L,  . 

2o 

Shaping  the  Nominal 
Loop  Transmission ,  L2q 

The  shaping  of  the  nominal  loop  transmission  is  a 
crucial  step  in  the  design  process.  The  designer  must 
ensure  that,  for  each  frequency,  the  nominal  loop  trans¬ 
mission  is  on  or'  above  the  bound  at  that  given  frequency. 
It , is  important  that,  for  each  bound,  the  nominal  loop 
transmission  falls  as  close  as  possible  to  the  bound  for 
each  frequency.  As  the  nominal  loop  is  shaped  care  must' 
be  taken  to  guarantee  that  L2q  does  not  penetrate  the  UHF 
bounds  which  ensure  positive  phase  and, gain  margin.  The  • 
resulting  L2q  as  shown  in  Figure  4-9  is  as  follows: 


_  _ (9.523)  1CT  (s  +  7)  (s  +  11.36) _ 

'2o  “  (s  +  .6041  ±  j 1. 789)  (s  +  50)  (s  +  96  t  jl28) 


(4-38) 


and  using  the  relationship 


J2o  =  g2  q22o 


the  corresponding  compensator  g2  is 


.1 


[B  #>'• 

[  .. 

i  . 

W  '' 


=  (2.36D107  (s  +  7) 

92  (s  +  50) (s  +  96  +  j!28) 


(4-39) 


The  magnitude  and  phase  of  L2q  is  shown  in  figure  4-10. 


Fig.  4-10.  Magnitude  and  Phase  of  Nominal 
Loop  Transmission  of  Loop  Two 


Pre-Filter  Design  £22 

The  design  of  loop  one  using  the  improved  design 
technique  requires  that  the  pre-filter  f22  be  known. 
Therefore,  f22  is  determined  using  the  approach  stated  in 
Appendix  A.  The  resulting  pre-filter  that  places  the 
desired  response  within  the  frequency  domain  specifica¬ 
tions  is  derived  from  Figure  4-11  and  is: 

„  0.512  ... 


(s  +  . 512)  (s  +  1 


EE 


Fig.  4-11.  Required  Bounds  on  Pre-Filter  f. 


IV- 6  Loop  One  Design 

This  loop  is  designed  using  the  improved  design 
technique;  that  is,  the  elements  designed  in  loop  two  are 
nc5w  used  in  the  design  of  loop  one.  The  equation  required 
in  the  design  of  loop  one  is  briefly  highlighted.  ‘As  in 
loop  two,  the  effective  SISO  loop  is  shown  in  Fiaure  4-12. 


Fig.  4-12.,  Effective  SISO  System  for  Loop  One 


It  is  required  that  the  sideslip  response,  due  to  the 
commanded  bank  angle,  be  ideally  zero.  Therefore,  the 
pre-filter  f^.in  Figure  4-12b  can  be  set  equal  to  zero 
resulting  in  the  SISO  system: 


Using  the  design  developed  for  loop  two,  the  ele¬ 
ments  which  are  known  are  now  substituted  into  Equations 
(4-41)  and  (4-42)  (i.e.,  ±he  equations  for  t2^  and  t ^ )• 

The  resulting  equations  can  be  manipulated  into  the  follow¬ 
ing  form  (11:102): 


since  is  to  be  designed  and  is  considered  to  have  no 
uncertainty.  The  required  BNIC  loop  equation  is: 


F.C.  #2: 

_ .4625  ( s  +  57.43)  _ 

qlle  (s  -  .01005)  (s  +  .  9221)  (s  +  54.46) 

F.C.  #3: 

_ .3791  (s  +  4.53  t  j4 . 51 )  _ 

qlle  (s  +  .06889)  (s  +  .  7536  ±  jl.665)(s  +  3.24) 

The  magnitude  response  for  each  of  the  equivalent 
q^e's  is  given  in  Figure  4-13. 
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Fig.  4-13.  Magnitude  vs  Frequency  of  Equivalent  qlle*s 


Since  it  is  normally  much  easier  to  determine  the 
bounds  on  the  BNIC  loop,  the  bound  on  this  loop  is  deter¬ 
mined  first.  Once  this  bound  is  determined  for  a  par¬ 
ticular  frequency,  it  is  checked  against  the  required 
bound  for  the  tracking  loop  (i.e.,  use  of  the  templates 
which  represent  the  uncertainty  in  the  plant) .  If  the 
bound  on  BNl'C  loop  does  not  satisfy'  the  bopnd  on  the  track¬ 
ing  loop,  then  the  bound  on  the  tracking  loop  is  used  in 
the  determination  of  the  nominal  loop  transmission. • 

As  an  example,  the  determination  of  the  bound  for 
w  =  1  rad/sec  is  illustrated.  Using  desigh  Equation  (4-44) 
the  bound  on  the  BNIC  loop  is  determined  first.  This  equa¬ 
tion  is: 


1 1.  +  L 


le '  — 
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From  Table  4-3  the  bound  on  | 1  +  Lle|  is  determined. 


TABLE  4-3 

ELEMENTS  FOR  DESIGN  EQUATION  AT  a>  =  1  RAD/SEC 


Element 

F.C.  #1 

F.C.  #2 

F.C.  #3 

lqllel 

-7.67 

-8.91 

4.29 

1 qlloe 1 

-8.91 

-8.91 

-8.91 

ld12el 

-0.675 

0.827 

-6.77 

,lb12l 

-11.76 

-11.76 

, -11.76 

The  resulting  bounds  for  each  of  the  three  flight  condi¬ 
tions  are: 

F.C.  #1:  |1  +  Lle|  >  12. 35db 

F.C:  #2:  |1  +  L1@|  >.  12 . 59db  1 

F.C.  #3:  |1  +  Lle|  >  4 . 99db 

As  in  the  design  •:  f  loop  two,  the  nominal  loop  transmis¬ 
sion  is  required.  Flight  Condition  #2  is  selected  as  the 
nominal  point  for  the  design  of  loop  one.  Therefore, 
using  Equation  (4-45)  the  bounds  on  L^e  are  converted  to 
bounds  on  L.^  ■  by 

Lleqiloe  ''  • 

L,  =*  ■■  ■  ■ 

loe  q.. 


Thus,  using  the  above  relationship,  the  dominant 
bound  is  found  to  occur  for  F.C.  #3  and  is 

|i  +  Lloe|  _>  18.19db 

Now  the  above  bound  is  checked  to  determine  if  it 
meets  the  bound  required  for  the  tracking  loop.,  The 
template  for  to  =  1  rad/ sec  has  an  allowable  tolerance  of 
6.99db  (i.e.  ,  b^  -  a^)  and  as  can  be  seen  from  Figure 
4-14  the  bound  on  the  BNIC  loop  also  satisfies  the  required 
bound  on  the  tracking  loop.  At  and  above  to  =  4  rad/seC 
the  bound  on  the  BNIC  loop  becomes  the  -3db  UHF  contour. 
Therefore,  at  and  above  this  frequency,  the  only  concern 
is  that  the  template  of  q^-  over  the  entire  frequency 
range  of  interest  (i.e.,  oj  =  4  rad/sec  to  500  rad/ sec )  , 
does  not  penetrate  the  3db  UHF  bound.  Thus,  these  tem¬ 
plates  generate  bounds  for  each  particular  frequency  as 
shown  in  Figure  4-15.  The  templates  of  q^e  for  each  of 
the  frequencies  of  interest  are  included  in  Appendix  E.  , 

Shaping  the  Nominal 
Loop  Transmission,,  L^e 

The  nominal  loop  transmission  is  shaped  in  the 
same  manner  as  for  L2Q  .  The  resulting  nominal  loop  trans¬ 
mission  is  shown  in  Figure  4-14. 

(9)109  (s  +  4 )  2  (s  +  17)  (s  +  50)  (s  4-  57.43)  _ 

Lloe  *  (s  -  0.01005)  (s  +  .  9921)  (s  +  10)2(s  +  54.46)  (s  +  83) 

x  ( s  +  100)  (s  +  900  +  j 1200) 
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Fig.  4-14.  Bounds  on  L 


Fig.  4~15.  Magnitude  and  Phase  of 
Nominal  Loop  Transmission  for  Loop  One 


3  D 


and  using  the  relationship 


Jloe  glqll 


oe 


The  corresponding  compensator  g^  is 


gl  = 


(1.946) IQ10  (s  +  4  )2  (s  F  17)  (s  t  5C) 


(s  +  10) ^ (s  +  83)  (s  +  100)  (s  +  .900  ±  jl200) 


The  magnitude  and  phase  of  L^ue  is  shown  in  Figure  4-15, 


Pre-Filter  Design  F^ 

The  design  of  the  pre-filter  is  accomplished  in, 
the  same  manner  as  for  the  pre-filter  ^22'  T^G  squired 
bounds  of  f ^  are  shown  in  Figure  4-16.  The  resulting 
pre-filter  is: 
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fll#  and  f  2»  used  to  develop  a  controller  which  is  capable 
of  operating  over  the  three  flight  conditions  selected  for 
this  thesis. 

The  resulting  responses  of  the  system  for  a  given 
input  are  simulated  in  Chapter  VI . 


V.  Longitudinal  Design 


V-l  Introduction 

This  chapter  contains  the  design  of  a  robust  longi¬ 
tudinal  controller  for  the  KC-135  aircraft.  Tne  three- 
degrees-of-freedom  model  developed  in  Chapter  2 II  is  used 
in  the  design  to  perform  one  maneuver.  Thi:.  is  a  commanded 
pitch  pointing  maneuver.  For  this  maneuver,  a  *o  r-degree 
pitch  angle  is  commanded  with  minimum  charge  in  altitude 
h,  and  horizontal  velocity  u.  Ideally,  che  outputs  wanted 
for  h  and  u  respectively  are  zero.  The  design  of  the  longi 
tudinal  controller  is  completed  using  the  improved  design 
technique  outlined  i  i  Chapter  III. 

The  q^'s  are  det^rmi  »ed  using  the  3x3  input  and 
output  matrices  which  are  required  in  this  design.  The 
specifications  are  ncdaled  in  the  time  domain  and  con¬ 
verted  to  the  frequency  domai.n.  1 .  o:  these  specifications, 
the  nominal  loop  transmission  in  designed.  The  second 

loop  designed  is  loop  1  and  the  nominal  loop  transmission 
L1q  is  obtained  using  the  unimproved  design  technique. 

The  last  loop  designed  is  loop  two  and  the  required  nominal, 
loop  .transmission  l,20  is  obtained  using  the  improved  design 
approach.  The  first  part  of  this  design  is  accomplished 
using  the  equations  for  the  rigid  aircraft.  The  second 
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part  of  the  design  includes  the  first  and  second  bending 
modes  thus  eliminating  the  rigid  body  constraint.  A  com¬ 
parison  is  made  between  the  design  for  the  rigid  aircraft 
and  the  design  which  includes  the  bending  modes.  Appen¬ 
dix  F  contains  the  data  for  the  q.  .'s  derived  from  the 
numerical  analysis  program.  Also  outlined  in  Appendix  F  . 
are  the  required  models  for  F.C.'s  #2,  #3  and  the  time 
domain  specification  models  required  in  this  design.,  The 
numerical  analysis  program  and  required  subroutines  are 
included  in  Reference  19. 

V-2  Input  and  Output  Matrices 

The  equations  of  motion  required  .in  this  design 
are  developed  in  Chapter  III.  The  required  equations  are: 


(X  S)  h 

- - tX  ,S  +  (X.-  -  XJ  ]~  +  (S  -  .X  )u 

/'V  ^  * 


=  X  •  +  X.  c  ,  +  X.  ,r_ 

:  e  -  ,  sb  •  T 

e  sb  T 


(5-1) 


•S  (S  -  Z  ,  h) 

1 —  +  (S (i  -  Zqt)  -  (Ze,  +  z;t.)  ]e  -  zu,u 


u 


=  Z  .  •  +  Z  c  , 

•  e  •  ,  sb 
e  sb 


(5-2) 


(M  , S  )  h 

— 1J - +  IS  -  M  ,  S  -  ( M  i  ■,  +  Mit)]9  -  M  ,  u 

* 


=  M  +  M ,  :  . 

e  •  ,  s  b 
o  sb 


(5-3) 
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Substituting  the  primed  body  axis  coefficients  listed  in 
Appendix  C  for  F.C.  #1  into  Equations  (5-i)  to  (5-3)  and 
writing  in  matrix  form  yields: 


. 0  4 11S 

.  53477S  -  .02669 

S  +  .0029646 

h 

- .  07691S2  -  . 0 4 17S 

.007034S  +  . 54404 

.004883 

0 

- . 21507S 

S2  +  .  7537S  +  2.79589 

-.010529 

u 

.011617  -.082712  .0495 

6 

e 

= 

-.021319  .031962  0 

5  . 
sb 

-1.64897  .173339  0 

r  ■ 

_TT  _ 

The  resulting  equations  for  F.C.'s  #2  and  #3  are  included 
in  Appendix  F. 

Equation  (5-4)  is  in  the  general  form 
MY  =  N5 
Y  -  M-1  N6  ' 
where -  P  =  M  ^  N 

f  , 

and  P-1  =  N-1  M  =  Q* 

The  first  constraint  on  the  system  is  that  the 
inverse  of  P  must  exist.  Since  the  inverse  of  N  exists 
(i.e.,  N  is  nonsingular),  then  the  inverse  of  P  exists. 
Likewise,  the  inverse  of  M  exists;  therefore,  P  is  non¬ 
singular. 
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Q'  is  computed  using  a  numerical  analysis  program 


(Reference  19)  and  the  resulting  magnitude  and  phase  of 
are  obtained.  The  q^’s  required  in  the  design  process 
are:  q^  =  1/q^.  Therefore,  the  inverse  of  the  qV^'s 
are  obtained.  The  resulting  q^'s  are  synthesized  from  the 
numerical  data  obtained  from  the  computer  program.  The 
three  required  diagonal  q^ ' s  f°r  the  design  of  the  three 
nominal  loop  transmissions  for  each  F.C.  are  as  follows. 


Flight  Condition  #1.: 


-3.673 


lll  S(S  +  0.0271) 


-2.253887 


l22 


(S  +  6.359)  (S  -  6.147) 


0.0498 


3  3 


(S  +  0.01663) 


Flight  Condition  #2: 

-2.71289 

qli  S  (S  +  . 175125) 

-2.36022 

q22  *  (S  +  6.545)  (S  -■  6.4353) 


0.0  34 

q33  (S  +  0.01846) 

Flight  Condition  #3 

_  -2.40529 

qll  S (S  +  '0.051) 


_ -1.49166 

(S  +  4.385)  (S  -  4.1163) 


0. 126802 
(S  +  0  0854) 


For  this  design  the  improved  design  technique  is 
used.  Therefore,  the  second  constraint  on  the  system  is 
that,  as  S-*-30,  q^(  q22  and  q^^  do  not  change  sign.  This 
constraint  is  met  for  the  above  functions. 


V-3  Effective  SISO  Systems 

The  3x3  system  is  represented  as  nine  SISO  systems. 
These  nine  SISO  systems  are  shown  in  Figure  5-1.  In  general 
the  SISO  equations  are  written  as 


f..L.  +d..q.. 

t  =  _JJ_± _ Lllii 

ij  1  +  L,  . 


(5-5) 


where 


L .  =  g  .  q  .  . 


dij =  - 1  ■  '£or  k  * 1 


For  this  design  the  command  inputs  r^  and  r^  are 
zero.  The  command  input  r2  (pitch  angle)  is  4  degrees. 
It  is  desired  that  for  the  given  input,  r2 ,  the  output 
Y22  tracks  the  input  and  the  outputs  Y^2  and  Y32  be 
ideally  zero. 
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V-4 


Response  Mode  Is 

The  response  models  for  this  design  are  developed 
from  Reference  17.  In  this  reference  an  identical  maneuver 
was  designed  and  demonstrated  using  the  Porter  design  tech¬ 
nique.  The  specifications  selected  for  this  design  are  as 
follows: 

Pitch  angle  command  (pitch  pointing  maneuver): 

Ty  —  optimal  settling  time,  tg,  of  6  seconds 
(i.e.,  tg  is  ±2  percent  of  final  value). 

T_  —  worst  acceptable  case  is  a  settling  time, 
Li 

t  ,  of  10  seconds. 

Td  —  the  acceptable  or  worst  case  for  the  out¬ 
puts  h  and  u  (Y32,  Y12)  is  a  peak  value, 

M  ,  of  0.5  and  1.0  respectively  and  they 
P 

approach  zero  in  approximately  10  seconds 
The  above  time  domain-specif icatidn  models  are  included  in 
Appendix  F. 

V-5  Loop  Three  Design  ' 

The  design  of  loop  three,  is  selected  to  be  designed 
first  since  it  has  the  smallest  amount  of  uncertainty. 

Also,  loop  three  is  a  BNIC  loop'  which  simplifies  the 
design  process  since  the  only  requirement  on  this  loop  is 
that  the  output  Y^2  be  below  a  certain  allowable  maximum, 
TD,  for  the  given  input  r2- 
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The  SISO  system  used  in  this  design  is  shown  in 
Figure  5-2.  Note  that  this  SISO  system  is  obtained  due  to 
the  fact  that  and  r3  are  zero  and  the  pre-filter  f32  is 
selected  to  be  zero.  Therefore,  the  three  effective  loops 
shown  in  Figure  5-1  reduce  to  Figure  5-2. 


o  d 


Fig.  5-2.  The  Effective  SISO  System  for  Loop  3 


£• 


where 


32 


t12  +  ^22 


1 3 1 


l32 


The  required  equation  for  the  design  of  the  loop  trans¬ 
mission  is  as  follows: 


fc12q33 


'22433 


where 


'32 


g,q 


31 


a  +  l3) 


32 


(1  +  Li 


3^33 


It  is  desired  that  the  magnitude  o 
some  acceptable  maximum  (i.e.,  the  bound  T 
the  magnitudes  selected  for  t^2  and  t22  ar 
allowable  responses.  These  responses  are 
respectively.  Thus  equation  (5-6)  is  rear): 
the  desired  design  equation  (5-7). 


(5-6) 


f  t32  be  below 
:  &32) •  Also, 
le  the  maximum 

|b12  and  b22 
tanged  into 
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For  low  frequencies  assume  L3  >>  1;  therefore,  the  q33 
term  in  Equation  (5-7)  cancels.  Thus  multiplying  Equation 
(5-7)  by  <5^30  an<^  assuming  the  worst  case  situation  yields 


^  h12  l  I  b22^ 

J  q  3 1  ^  ^  q  3  2  L 


(5-8) 


Equation  (5-8)  is  used  in  determining  the  required 
bounds  on  L3q  at  low  frequencies.  To  ensure  positive  phase 
and  gain  margins  the  universal  high  frequency  bound  is 
selected  to  be  the  -3db  contour  line  on  the  inverted 
Nichols  Chart  as  outlined  in  Appendix  A.  Thus  the  design 
requires  that 


km  |  1  +  L3 j  “3db 


The  magnitudes  of  q33 


for  each  of  the  three  F.C.'s 


are  shown  in  Figure  5-3. 


For  the  design  of  L3q,  F.C.  #2  is  selected  as  the 
nominal  plant.  Table  5-1  contains  the  magnitude  of  the 
elements  of  Equation  (5-8)  required  in  the  determination  of 
L3q  for  w  *  0.1  rad/sec. 


75 


For  each  of  .the  three  F.C.'s  the  bound  o n 1  Lin [ L ..  ] 

.  ..  3o 

is  detevmined  using  Equation  (5-8) .  The  bound  for  each 
flight  condition  is  as  follows: 


F.C. 

#1: 

Lm 

> 

26.2 

db 

F.C. 

#2: 

Lm 

IbcJ 

> 

2  9.8 

db 

F.C. 

#3:  ■ 

Lm 

1  L3o! 

> 

10. 9 

db 

The  dominant  bound  occurs  for  F.C.  #2  and  is  29.8db. 
Therefore,  at  this  frequency,  L3q  must  be  on  or  above 
29.8db.  It  is  to  be  noted  that  at  this  frequency  the 
assumption  that  |  1  >>  1  is  a  good  assumption. 

At  and  above  to  *  1.0  rad/sec  the  approximation 
given  by  Equation  (5-8)  ,no  longer  holds  true.  Therefore, 
at  and  above  to  =  1.0  rad/sec,  the  template  of  q^3  mu3t  be 
used  in  the  determination  of  the  required' bounds  on  L3q 
in  conjunction  with  Equation  (5-7). 

It  is'  found  that  at  and  above  w  *  1.0  rad/sec  the 
-3db  contour  (UHF  bound)  becomes  the  constraining  bound  on 
The  other  constraint  is  that  at  each  frequency  the 
template  q not  penetrate  the  -3db  contour.  The  template, 
of  q~3  at  and  above  u>  *  1.0  rad/sec  is  a  straight  line  with 
a  magnitude  of  11.4db..  The  bounds  for  the  loop  transmission 
L3q,  are  shown  in  Figure  5-4.  Note  that  the  magnitude  of 
the  q ^ ^  template  generates  the  length  of  the  barrel 


extending  down  from  the  3db  contour.  The  templates  of  a^- 
are  shown  in  Appendix  F. 


The  nominal  loop  transmission,  ,  is  derived 
using  Figure  5-4  and  the  resulting  nominal  loop  transmis¬ 
sion  is  as  follows: 


=  _ 7290  (S  +  2) _ 

3o  S(S  +  0.5) (S  +  10) (S  +  18  i  j24) 

and  the  resulting  compensator,  g^,  is  derived  from 


L 


3o 


Therefore 


g3q33o 

„  _ ( 2 . 144 )  ( 10 5 )  (S  t  2)(S  +  0.01846) 

g3  S(S  +  0.5)  (S  +  10)<S  +.18  ±  j24) 


The  magnitude  and  phase  of  L3q  is  shown  in  Figure  5-5. 
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Loop  One  Design 

This  loop  is  selected  to  be  designed  second  since 
loop  one  is  al^o  a  BNIC  loop.  The  effective  SISO  system 
reduces  to  the  form  shown  in  Figure  5-6. 


o  d 


Fig.  5-6.  Effective  SISO  System 
for  Loop  One 


The  required  design  equation  developed  from  Figure  5-6  is 


'12 


d12qll 
1  +  L, 


(5-9) 


where 


'22 


12 


! 


12 


~32- 

!13! 


Equation  (5-9)  is  rearranged  to  form. the  design  equation 

b. 


.  ,■  y  i  qll  ‘  !  1  b22  1  .  1  “32 

;  i  +  L1 ;  |  - —  •  I  ■  - — i  +  .  - — 


(5-10) 


12 


12 


13  1  i 


where  t^,  t22>  anc*  ^32  are  se^ectcc^  as  the  maximum  allow¬ 
able  design  specification  responses  b^,  b22’  and  b32 
respectively.  However,  at  low  frequency,  it  is  assumed 
that  1.^  1.  Therefore  q  ^  in  Equation  (5-10)  cancels. 

Thus  multiply  Equation  (5-10)  by  <q^0  it  can  be  written  as 
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rqrni'iiOL  'OinBtis 


Fig.  5-8.  Magnitude  and  Phase,  L 


lo 


22 


Fig.  5-9.  Ef f ective , SISO  System,  Loop  2 


Equation  (5-14)  is  developed  from  Figure  5-5  and  is 


'22 


f22L2  *  d22q22 
1  + 


(5-14) 


where 


22 


12  t32l 
—  +  - 1 


*21  423t 


The  design  of  loop  two  is  accomplished  using  the  improved 
design  technique.  The  required  equations  as  developed  in 
Chapter  III  are: 


where 


f22L2e  "  d22e 


'22 


1  +  L 


2e 


(5-15) 


(5-16) 


c  =  (1  +  Lx) (1  +  L3)  -  Y 13 
A  =  V  32  (1  +  L^)  +  Y12  (1  +  Lj)  -  (Y13u2  +  Y12U3) 

L2e  =  g2q22e  :  Y32 

qllq22 

•  '12  "  q12q21  Yl3 

u  q  3 1 q  2  2  u  =  q  2 1 q  3  3 

2  q32q21  2  q23q3i 

and  C22e  “  r^T 


=  q22q33 
q32q23 

=  qllq33 
q 1 3q  3 1 


(5-18) 


D« 


22e 


:!2Llq22nl  +  f32L3q22n2 

£  -  A 


Since  f^2  and  f  22  are  zero,  then  the  design  is  a  simple 
tracking  loop  problem:  Thus  the  bounds  on  L2oe  are 
determined  using  the  templates  of  c?22e‘  T*ie  nominal  point 
selected  for  this  design  is  F.C.  #2  and  the  desired  <12206 
is  shown  in  Equation  (5-19).  The  magnitude,  phase  and 
templates  of  q22e  are  included  in  Appendix  F. 

_  C. 001745  (S+0. 62.37±jl.  177)  (S+0.  9812ij3. 163) (S+0. 1808)  (S+125) 
q22e  "  (S+0. 585+ jl. 209)  (S+l. 944+ jl. 479) (S-1.394±j2. 122) (S+0. 1718) 

(5-19) 

Therefore,  using  the  templates  generated  by  q22e 
for  the  three  F.C.'s  and  the  upper  and  lower  bounds  on  the 
responses,  the  bounds  on  L2Qe  are  determined.  The  desired 
bounds  on  the  loop  transmission  L2oe  are  shown  in  Figure 
5-10.  Using  these  bounds  the  resulting  loop  transmission 
is 

_  (7.846) (106) (S+l) (S+0.6237+jj. 177)  (S+0. 912+j3. 163) (S+0. 1808) (S+125) 
L2oe  (S+0.585+ji.209)  (S+l.  944  + jl. 479>  (S-l. 394±32tl2l)(S+30) 

x(S+390+j520) (S+0. 1718) 


(5-20) 


where 


Therefore 


^2oe  q2q22oe 


(4.496)  (10y)  (S  +  l) 
g2"  (S  +  30 )  (S+390+ } 520 ) 


(5-21), 


It  is  to  be  noted  that  the  ’s  for  each  of  the 

22e 

three  F.C.'s  have  two  poles  in  the  right  half  plane. 
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Fig.  5-10..  Bounds  and  Nominal  Loop  Transmission 


Therefore,  these' poles  must  be  included  in  the  shaping  of 
L<2oe  to  guarantee  a  stable  response. 

A  very  important  result  is  obtained  in  the  design 
of  this  loop.  If  this  loop  is  designed  using  the  unim¬ 
proved  design  technique  a  stable  response  cannot  be 
obtained.  This  is  due  to  the'  fact  that  q^'s  for  each  of 
the  three  F.C.'s  has  only  one  pole  in  the  right  half  plane 
while  the  c322e's  ^as  two  P°^es  tight  half  plane. 

These  poles  result  from  the  designs  of  loops  one  and  three 
being  taken  into  account  in  the  design  of  loop  two.  Thus 
it  is  important  to  include  the  previous  loop  designs  in 
the  design  of  all  subsequent  loops.  The  magnitude  and 
phase  of  L2oe  is  shown  in  Figure  5-11. 


Fig.  5-11.  Magnitude  and  Phase,  L, 


The  last  part  of  the  loop  two  design  is  the  devel¬ 
opment  of  the  required  pre-filter,  ^2'  wh^ch  places  the 
desired  response  within  the  frequency  domain  specifications. 
The  design  of  the  pre-filter  is  accomplished  as  outlined  in 
Appendix  A  and  the  resulting  pre-filter  is 


0.3506 

22  (S  +  0.5)  (S  +  0.54  t  j0.64) 


(5-22) 


This  concludes  the  design  of  the  3x3  MIMO  system 
which  considers  the  aircraft  as  a  rigid  body.  The  next 
section  removes  the  rigid  body  assumption  and  treats  the 
aircraft  as  being  elastic  (i.e.,  the  first  and  second  body 
bending  modes  are  included  in  the  3x3  model) . 
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Longitudinal  Design 
(Non-Rigid  Aircraft) 

This  design  is  accomplished  using  the  numerical 
data  obtained  from  the  programs  outlined  in  Reference  19. 

The  third  loop  is  designed  first,  followed  by  the  first 
and  second  loops.  The  nominal  loop  transmissions  are 
designed  in  this  order  due  to  the  differences  in  the  uncer¬ 
tainties  of  q^,  ^22  anc^  ^33‘ 

Addition  of  First  and  Second 
Body  Bending  Modes 

The  first  step  in  this  design  is  to  incorporate  the 
bending  and  rigid  models  to  form  a  non-rigid  model.  The 
form  of  the  rigid  aircraft  equation  is 

MrY  =  Nr5  (5-23) 

where  M  and  N  are  defined  as  the  rigid  output  and  input 
matrices  respectively.  The  form  of  the  elastic  aircraft 
equation  is 

MY  -  N  5  (5-24) 

-e- 

where  Mg  and  ^  are  defined  as  the  elastic  output  and  input 
matrices  respectively.  The  required  elastic  equations  are 
included  in  Appendix  C.  Equations  (5-23)  and  (5-24)  are 
written  in  the  following  form 

Y  *  M^1  Nr6  (5-25) 
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Appendix  F.  Thus  with  the  required  magnitudes  of  the  q^'s 
the  design  of  the  3x3  system  including  bending  modes  can 
now  be  completed.  It  is  to  be  noted  tnat  the  magnitudes  • 
of  the  q^j's  at  low  frequenci  s  are  essentially  unchanged 
from  that  of  the  rigid  case.  The  differences  in  magnitude 
and  phase  occur  around  the  bending  mode's  natural  frequency 

V-7  Loop  Three  Design 

The  design  of  loop  three  is  the  same  as  that ■ com¬ 
pleted  for  the  rigid  aircraft.  Since  there  is  no  change 
in  the  magnitude  and  phase  of  q33  over  the  three  F.C.'s, 

_he  bounds  on  L^Q  do  not  change  over  the  entire  frequency 
of  interest.  The  only  concern  in  the  design  of  this  loop 
is  that  the  magnitudes  of  q3^  and  q32  at  and  around  the 
first  and  second  bending  mode  natural  frequencies  do  not 
change  the  determined  bounds  (Equation  5-7)  of  the  rigid 
aircraft.  Since  the  dominant  bound,  at  to  =  1  rad/sec  and 
higher,  is  the  3db  UHF  oval,  the  change  in  magnitudes  of 
q31  and  q32  have  no  effect  on  the  bounds  of  L3q  at  the 
natural  frequencies,  Therefore,  the  nominal  loop  trans¬ 
mission,  Lj  #  design  for  the  rigid  aircraft  is  also  used 
for  the  non-rigid  design. 
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V- 9  Loop  Two  Design 

The  design  of  loop  two  is  completed  using  the 
improved  design  technique.  This  design  is  similar  to  the 
design  of  loop  two  for  the  rigid  aircraft.  The  only  differ 
ence  is  that  any  uncertainty  introduced  by  the  body. bending 
modes  must  be  taken  into  account  during  the  design  process. 


The  difference  in  magnitude  and  phase  of  322e  '3etween  t*ie 
rigid  and  non-rigid  design  is  very  small.  Thus  the  design 
of  this  loop'  is  similar  to  the  design  of  loop  two  for  the 
rigid  aircraft.'  This  design  will  not  be  highlighted  since 
it  is  similar  to  the  design  of  loop  two  completed  for  the 


rigid  aircraft.  The  ^220' s  ^or  eac^  F.C.'s 

are  ir  ludcd  in  Appendix  F. 
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Fig.  5-15.  Magnitude  and  Phase — L2oe 

V-10  Comparison  of  Rigid  and 
Non-Rigid  Designs 

The  design,  over  the  entire  frequency,  for  both  the 
rigid  and  non-rigid  models  is  essentially  the  same.  Thus 
the  design  completed  for  the  rigid  aircraft  is  the  same 
as  the  design  for  the  non-rigid  aircraft.  The  reason  that 
the  addition  of  tfte  first,  and  second  body  bending  modes 
had  very  little  affect  on  the  design  is  due  to  the  small 
magnitudes  of  both  these  bending  modes. 


V-ll  Summary 

This  chapter  highlights  the  design  of  a  3x3  system 
with  only  one  <  :>mmand  input.  The  design  is  first  accom¬ 
plished  using  the  rigid  aircraft  model  and  second,  the  con¬ 
troller  is  redesigned  with  the  first  and  second  body  bend¬ 
ing  modes  (i.e.  ,  the  rigid  constraint  on  the  aircraft  model 
is  eliminated).  Finally,  the  effect  of  introducing  the  , 
first  and  second  body  bending  modes  is  outlined. 


VI.  Simulation 


VI- 1  Introduction 

This  chapter  contains  the  simulated  responses  for 
both  the  lateral  and  longitudinal  robust  controllers.  The 
first  section  illustrates  the  simulated  responses  obtained 
for  F.C.  *3  using  the  controller  developed  for  the  lateral 
maneuvers  and  robustness  of  the  lateral  design  is  illus¬ 
trated.  The  next  section  illustrates  the  simulated  respon¬ 
ses  for  F.C.  #3'  using  the  controller  developed  for  the 
longitudinal  maneuver  and  robustness  of  the  design  is  also  . 
illustrated.  The  simulated  responses  for  F.C.'s  *1  and  #2 
are  included  in  Appendix  H. 

VI-2  Lateral  Simulation  (2x2  Design) 

The  simulation  of  this  design  is  obtained  using  a 
computer-aided  program  (Appendix  G) .  It  is  assumed  that 
this  simulation  yields  realistic  motions  of  the  aircraft 
for  each  of  the  given  F.C.'s.  ■  The  first  lateral  controller 
developed  i,s  for  a  30  degree  command  bank  angle  maneuver 
with  minimum  sideslip  (i.e,,  coordinated  turn)  and  the 
second  maneuver  is  a  5  degree  command  sideslip  angle  with 
minimum  bank  angle.  This  design  is  demonstrated  using  two 
different  pre-filters.  The  first  pre-filter  has  a  pair  of 
complex  poles  with  a  damping  factor  of  '  t.  =  0.6.  The 
second  pre-filter  has  a  pair  of  real  poles.  The  difference 

in  the  response  to  a  step  command  input  is  highlighted. 
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Finally  the  design  is  illustrated  using  a  ramp  input  with  a 
rise  time  of  1  second  for  the  pre-filters  with  real  roots. 

Bank  Angle  Command  Response 

The  responses  shown  in  Figures  6-1  through  6-4  are 
for  a  30  degree  step  input  bank  angle  command  (complex  pre- 
filter  poles).  As  can  be  seen  from  Figure  6-1,  the  bank 
angle  response  has  very  desirable  characteristics.  The 
response  starts  out  slowly  and  then  increases  more  rapidly 
as  time  increases.  This  is  desired  in  a  heavy  transport 
aircraft  since  it  cannot  react  to  rapid  changes  as  can  a 
fighter  aircraft.  Also  if  a  faster  response  is  required 
the  control  surface  deflections  and  rates  will  be  too  high.' 
Figure  6-1  is  the  command  bank  angle  response  while  Figure 
6-2  is  the  sideslip  response  due  to  the  bank  angle  command. 
Figures  6-3  and  6-4  are  the  control  surface  deflections 
due  to  a  30  degree  step  bank’  angle  command.  The  character- 

I 

istics  of  these  responses  are  giv=n  in  Table  6-1. 

TABLE  6-1 

BANK  ANGLE  COMMAND — F .C .  #3 

Peak  Final  Rise  Settling 

Value  Value  Time  Time 

i  (deg)  30.6  30.0  5.52  7.35 

S  (deg)  0.0276  0.0181  — 

f  r  (deg)  3.56  —  - 

'w (deg) 


21.9 


#)« 


RUDDER 
.  oo 


Fig.  6-3.  Control  Wheel  Deflection — F.C.  #3 


The  responses  shown  in  Figures  6-5  through  6-8 
are  for  a  30  degree  step  input  bank  angle  command  (real 
pre-filter  poles) .  It  is  to  be  noted  that  the  response  due 
to  this  command  input  is  much  faster  and  the  control  sur¬ 
face  rates  are  much  higher  than  for  the  pre-filter  with 
the  complex  poles.  Thus,  the  pre-filter  plays  a  very  impor¬ 
tant  role  in  the  determination  of  the  final  output  response. 
Table  6-2  outlines  the  characteristics  of  the  response  due 


to 

a  30  degree 

bank  angle 

command. 

.TABLE  6-2 

.  ' 

BANK  ANGLE 

COMMAND- -F 

•  C.  #3 

1 

Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

4> 

(deg) 

30.0 

30.0 

3.50 

6.05 

6 

(deg) 

0.0361 

0.0179 

— 

—  . 

6r 

(deg) 

-4.68 

— 

— 

■*> 

5w 

(deg) 

64.8 
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Fig.  6-5.  Bank  Angle  Response — F.C.  #3 


Fief.  6-6.  Sideslip  Response--?. C.  #3 


104 


The  responses  shown  in  Figures  6-9  through  6-12 
are  for  a  30  degree  bank  angle  command  (real  pre-filter 
poles)  with  a  ramp  input  havina  a  rise  time  of  1  second. 
This  is  a  more  realistic  output  response.  As  can  be  seen 
from  Figure  6-9,  the  bank  angle  response  is  similar  uo 
that  generated  by  the  complex  pre-filter  but  now  the 
settling  time  is  reduced  by  approximately  0.8  seconds. 

The  response  is  thus' very  close  to  that  of  the  bank  angle 
model  which  is  used  as  the  design  criteria.  Table  5-3 
shows  the  characteristics  due  to  a  30  degree  bank  angle 
command. 

TABLE  6-3 


BANK  ANGLE 

COMMAND- 

-F.C.  #3 

Peak  ‘ 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

<? 

(deg) 

30.0 

30.0 

3.60 

6.55 

6 

(deg) 

,0.0354 

0.0179 

— 

6 

r 

(deg) 

-.222 

— 

— 

— 

V 

(deg) 

.  36.9 

— 

. 

Sideslip  Command 


The  responses  shown  in  Figures  6-13  through  6-16 
are  for  a  5  degree  step  input  sideslip  angle  command 
(complex  pre-filter  poles) .  The  sideslip  response  due  to 
a  5  degree  command  input  has  desirable  characteristics 
similar  to  those  of  the  bank  angle  command.  '  Table  6-4 
outlines  the  characteristics  of  the  responses  due  to  a 
5  degree  sideslip  command. 

TABLE  6-4 


SIDESLIP 

COMMAS D--F.C. 

f  3 

Peak 

Final 

Rise 

Settling 

Value 

Value 

Time 

Time 

£  (deg) 

5.18 

4.94 

1.78 

4.50 

;  (deg) 

-.179 

-.179 

- ;  ■ 

:r  (deg) 

12.0 

— 

— 

— 

(deg) 

28.3 

-- 

— 

w 


Fig.  6-16.  Rudder  Deflection — F.C;  #3 
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The  responses  shown  in  Figures  6-17  through  6-20 
are  for  a  5  degree  step  input  sideslip  command  (real  pre¬ 
filter  poles) .  It  is  to  be  noted  that  the  rise  time  and 
settling  time  are  slower  than  that  of  the  previous  design 
using  the  complex  poles  for  the  pre-filter.  This  may  be 
desirable,  since  the  rates  of  the  control  surface  deflection 
decrease  due  to  the  slower  rise  and  settling  times. 

Table  6-5  outlines  the  characteristics  of  the  responses, 
due  to  a  5  degree  step  input  sideslip  command. 


TABLE  6-5 

SIDESLIP -COMMAND— F.C.  #3 


■  ■  Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

6  (deg) 

5.0 

5.0 

4.98 

9.25  ■ 

V>  (deg) 

-0.181 

-0.181 

— 

— 

6r  (deg) 

7.58 

— 

— 

— 

(deg) 

25.7 

— 

— 

Fig.  6-17.  Sideslip  Response — F.C.  #3 


Fig.  6-18.  Bank  Angle  Response — F.C.  #3 


L  3 


Fig.  6-20.  Rudder  Deflection— F.C.  #3 


The  responses  shown  in  Figures  6-21  through  6-24 
are  for  a  5  degree  sideslip  command  (real  pre-filter 
poles) .  The  command  input  is  a  ramp  with  a  rise  time  of 
1  second.  As  shown  in  Figure  6.-21  the  sideslip  response 
has  good  characteristics.  The  response,  due  to  this 
command  input,  is  very  close  to  that  of  the  desired 
response  model.  Table  6-6  outlines  the  characteristics 
of  the  responses  due  to  a  5  degree  ramp  input. 


TABLE  6-6 

SIDESLIP  COMMAND— F.C.  .  #3 


Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

S  (deg) 

5.0 

5.0 

5.0 

8.75 

(deg) 

-0.180 

-0.180 

0 

0 

£r  (deg) 

7.55 

— 

— 

— 

6w  (deg) 

25.6 

— 

—  , 

— 

Robustness  of  the  designs  for  both  ,the  bank  angle 
command  and  the  sideslip  command  are  illustrated  in  Figures 
6-25  and  6-26.  The  responses  for  both  designs,  over  the 
entire  F.C.'s  have  very  little  variation.  The  actual 
output  responses  approach  the  responses  of  the  models 
developed  during  the  design  process.  Thus  this  design 
method  has  demonstrated  that  it  is  a  very  effective  tool 
for  the  design  of  multi-variable  control  systems.  This 
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Fig.  6-32. 


Thrust  Increase--F.C.  #3 


The  output  responses  for  the  non-rigid  aircraft 
design  are  shown  in  Figures  6-33  through  6-35  and  the  con¬ 
trol  surface  deflections  are  shown  in  Figures  6-36  through 
6-38.  The  simulation  is  for  a  1  degree  pitch  angle  com¬ 
mand.  The  input  is  a  ramp  which  rises  to  a  magnitude  of 
1  in  1  second.  Table  6-8  outlines  the  characteristics  of 
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Fig.  6-38.  Thrust  Increase — F.C.  #3 

The  response  for  F.C. ' s  #1  and  #2  causes  control 
surface  saturation.  Thus  the  responses  of  the  rigid  air¬ 
craft  design  with  control  surface  deflection  saturation 
for  F.C,  #2  are  shown  in  Figures  6-39  through  6-44.  The 
simulation  is  for  a  4  degree  pitch  angle  command.  The  input 
is  a  ramp  which  rises  to',  a  magnitude  of  4  in  1  second. 

Table  6-9  outlines  the  characteristics  of  each  response. 
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Fig.  6-42.  Elevator  Deflectiorv — F.C.  #2 
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The  desired  pitch  angle  output  of  4  degrees  cannot 
be  achieved  due  to  control  surface  saturation  for  F.C.’s  #1 
and  #2.  Thus  the  pitch  angle  command  is  reduced  from  4 
degrees  to  1  degree.  The  responses  for  the  command  input 
a::e  included  in  Appendix  H.  Figure  6-45  demonstrates  robust' 
ness  of  the  3x3  design  of  the  rigid  aircraft  for  a  1-degree 
command  input'. 
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Fig.  6-45.  Pitch  Angle  Response — F.C.'s  #1, 
#2,  and  #3  (Rigid  Aircraft) 


Figure  6-46  demonstrates  robustness  of  the  3x3 
design  with  the  first  and  second  body  bending  modes 
included.  These  responses  are  for  a  1-degree  ramp  command 
input  which  rises  to  1  in  1  secpnd. 


Fig.  6-46.  Pitch  Angle  Response — F.C.'s  #1, 

#2,  and  #3  (Non-Rigid  Aircraft) 

VI-4  Summary 

This  chapter  outlines  the  simulations  for  both  the 
lateral  and  longitudinal  designs.  The  simulations  are 
illustrated  for  F.C.  #3.  Finally,  robustness  of  both 
designs  is  highlighted.  . 


VII.  Conclusions  and  Recommendations 

VII-1  Thesis  Summary 

This  thesis  demonstrated  the  applications  of 
Dr.  Isaac  Horowitz's  Quantitative  Feedback  Theory  tc  the 
design  of  multiple  input-multiple  output  control  systems. 

Chapter  I  is  an  introduction  and  an  explanation  of 
the  design  problem  including  the  assumptions  used  in  the 
design  process.  Chapter  II  outlines  the  basic  single 
input-single  output  design  process  which  is  expanded  to. 
the  design  of  a  2x2  and  3x3  MIMO  system  and  finally  expanded 
to  an  nxn  system.  Chapter  III  is  the  development  of  the 
required  aircraft  equation  for  both  the  lateral  and  longi¬ 
tudinal  modes.  Chapters  IV  and'  V  are  the  design  of  the 
lateral  and  longitudinal  controllers  respectively. 

Chapter  VI  contains  the  simulations  and  a  demonstration  of 
robustness  for  each  design  is  highlighted. 

Appendices  A  and  B  contain  a  detailed  derivation  of 
the  SISO  and  MIMO  systems.  Appendix  C  outlines  the  basic 
aircraft  and  includes  the  transformation  of  the  stability 
axis  derivatives  to  the  body  axis  system.,  Also  included 
are  the  required  equations  for  the  first  and  second  bending 
modes.  Appendix  D  is  a  sample  run  of  the  computer  program 
used  in  this  transformation.  Appendix  E  is  the  time 


response  models  derived  for  the  2x2  lateral  design.  Appen¬ 
dix  G  is  the  computer  programs  used  in  the  simulation  of 
the  2x2  lateral  design.  Appendix  H  contains  the  numerical 
analysis  data  and  time  response  models  used  in  the  3x3  longi 
tudinal  design. 

VII-2  Discussion 

This  design  has  demonstrated  the  transparency  of 
the  quantitative  design  technique  developed  by  Dr.  Horowitz. 
An  important  result  is  obtained  during  the  design  of  the 
3x3  longitudinal  controller  for  the  rigid  aircraft  equa¬ 
tions.  The  first  design  attempted  was  done  using  the 
unimproved  design  technique.  The  three  loop  transmissions 
are  designed,  taking  into  account  the  right  ha, If  plane,  poles 
(i.e.,  contained  in  a,.,  q  ,  and  q,-,),  so  that  each  loop 
transmission  is  on  or  above  the  required  bound  at  each 
frequency.  This  design  was  simulated  and  the  system  was 
unstable.  The  question  is:  why  is  the  system  unstable  since 
none  of  the  bounds  is  violated?  This 'design  technique 
ensures  a  stable  response  if  all  the  bounds  on  the  system 
are  satisfied.  .  The  reason  the  system  is  unstable,  using 
the  unimproved  technique ,•  is  that  the  design  of  the  first 
two  loops  is  not  taken  into  account  in  the  design  of  the 
last  loop.  The  last  loop  designed  is  loop  two  and  the 
^22' 3  ^or  oac^  ‘l.i'jht  condition  have  one  pole  in  the  right 
half  plane.  However,  due  to  the  design  of  loops  one  and 


three,  a  second  pole  in  the  right  half  plane  appears  in  the 
effective  q^'s  for  each  of  the  threb  flight  conditions. 
Since  this  additional  -183  degree  phase  change  was  not 
accounted  for  in  the  unimproved  design,  a  stable  response 
could  not  be  obtained.  When  this'  phase  change  is  taken  into 
account,  .using  the  improved  design  technique,  a  stable 
response  is  obtained.  Thus  it  is  shown  that  this  technique 
is  very  transparent  in  isolating  and  determining  problem 
areas  during  the  design  process.  This  technique  also  allows 
the  designer  to  determine  if  such  problems  can  or  cannot  be 
resolved  and  thus  obtain  the  desired  response  from  the 
system. 

V 1 1  -  3  Comp  ar  i sop.  to  Porter  Technique 

The  designs  accomplished  during  this  thesis  are  for 
the  same  maneuvers  as  shown  in  Reference  17.  This  refer¬ 
ence’  covers  the  designs  accomplished  by  Captain  Locken 
using  the  Porter  Technique.  The  results  obtained  usina  the 
quantitative  feedback  technique  are  quite  similar  to  those-' 
.achieved  via  the  Porter  Technique.  The  control  surface 
deflection  and  output  response's  are  the  same  for’  Doth 
designs.  There  is  only  one  difference  between  the  two 
designs  and  this  at  pears  in  the  control  surface  dof Jvction. 
The  control  surface  rates  obtained  from  this  design  are 
lower  than  those  obt  lined  using  the  Porter  Technique. 

This  is  possibly  due  to  the  fact  that  the  Porter  Technique 
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uses  high  gain  feedback  thus  causing  highar  control  surface 
rates.  Since  each  control  surface  has  a  maximum  allowable 
rate,  this  nay  be  critical  in  sene  design  applications. 

The  second  comparison  made  between  the  two  design 
techniques  is  that  a  robust  controller  could  net  be 
obtained  for  the  pitch  pointing  maneuver  using  the  Porter 
Technique.  However,  while  using  the  Quantitative  Feedback 
Technique,  a  robust  controller  was  obtained.  One  possible 
explanation  is  in  using  the  Porter  Technique,  the  problems 
encountered  and  recognized  in  the  Quantitative  Feedback 
Technique  are  not  apparent,  thus  they 'cannot  be  accounted 
for  in  Porter's  design  process. 

One  very  important  difference  between  the  two  tech¬ 
niques  is  that  the  desired  responses  wanted  from  the  system, 
using  the  Quantitative  Feedback  Technique,  are  taken  into 
account  at  the  beginning  of  each  design  while  this  is 
not  done  m  the  Porter  Technique.  Also,  the  bandwidth  of 
the  system  is  known' using  QFT  while  with  the  Porter  Technique 
this  is  unknown.  The  bandwidth  of  the  system  is  important 
since  the  larger  the  bandwidth  the  greater  the  effect  nor?.- 
will, have  on  the  overall  system. 

At  present,  a  design  using  the  vorter  Technique 
can  be  accomplished  mere  quickly  than  that  -..sing  QFT. 

This  is  due  to  the  use  of  a  computer-aic_d  design  package. 
However,  if  a  number  of  iterations  are  required,  then  the 
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design  process  may  indeed  take  much  longer  than  the  Quantita¬ 
tive  Feedback  Technique. 

The  results  obtained  using  this  technique  compare 
well  with  the  results  obtained  using  the  Porter  Technique. 

.The  advantage  of  QFT  over  the  Porter  Technique  is  that  it 
is  very  transparent  and , compensator  bandwidth  is  known  for 
each  design. 

VII-4  Conclusion 

This  thesis  concludes  that  the  Quantitative  Feed¬ 
back  Technique  developed  by  Dr.  Isaac  Horowitz  is  an  effec¬ 
tive  tool  in  the  design  of  multiple  input-multiple  output 
control  systems.  The  insight  given  the  designer  due  to  the 
transparency  of  the  design  process  is  extremely  important. 

The  design  engineer,  using  this  technique,  has  the  ability 
to  make  design  tradeoffs  between  the  design  responses, 
compensator  bandwidth,  and,  determine  whether  a  stable 
response  is  achievable. 

The  addition  of  the  first  and  second  body' bending 
modes  h&s  very  little  affect  on  the  overall  design  of  the 
nonrrigid  aircraft.  The  uncertainty  in  the  plant  of  the 
rigid  and  non-rigid  models  is  essentially  the  same. 


I 


138 


This  technique  is  a  viable  method  m  the  design  of 
multiple  input-multiple  output  robust  flight  control  sys¬ 
tems  . 

V 1 1 - 5  Recomme nd  a  t i o  n  s 

It  is  1  recommended  that  this  design  technique  be 
demonstrated  using  an  aircraft  where  the  longitudinal  and 
lateral  modes  are  not  decoupled.  The  advantages  of  this 
design  technique  can  be  readily  applied  to  such  a  flight 
control  design  problem. 

It  is  highly  recommended  that  a  computer-aided 
design  package  be  developed  to  allow  the  design  of  larger 
and  more  complex  flight  control  systems.  With  the  develop¬ 
ment  of  such  a  package,  the  design  engineer  can  design  more 
complex  systems-  using  the  insight  given  by  this  technique. 


Appendix  A:  Single  Input-Single  Output  Theory 

(This  appendix  was  taken  from  Reference  3  with  minor 
changes.) 

Introduction 

Appendices  A  and  B  present  an  overview  of  the  Quan 
titative  Feedback  Technique  used  in'  the  design  of  multiple 
input-multiple  output  flight  control  systems  for  this 
thesis.  Examples  are  presented  to  aid  in  the  understand¬ 
ing  of  the  material.  The  technique  is  valid  for  the 
general  nxn  case.  However,  for  simplicity,  the  examples 
below  are  either  single  loop  or  2x2  systems.  A  discussion 
of  the  3x3  case  is  outlined  in  Chapter  II. 

The  flight  control  problem  involves  a  multiple 
input-multiple  output  (MIMO)  plant  requiring  regulation 
and  control  due  to  parameter  uncertainty  and  disturbances. 
The  mathematical  equations  describing  the  motion  of  an  air 
craft  are  highly  nonlinear.  For  design  purposes,  these 
equations  are  linearized  about  a  point  in  the  flight 
envelope  or  flight  condition.  Uncertainty  arises  as  the 
linearized  coefficients  vary  with  airspeed  and' altitude 
(see  Chapter  IV) . 

The  Quantitative  Feedback  Synthesis  Technique 
developed  by  Dr.  Isaac  Horowitz  uses  feedback  to  achieve 
closed-loop  .system  response  within  performance  tolerances 


despite  plant  uncertainty.  The  range  of  plant  uncertainty 
and  the  output  performance  specifications  are  quantitative 
parameters  in  the  design  process  (12:81).  The  fundamentals 
of  the  design  method  are  presented  in  the  discussion  of 
the  single  input-single  output  design.  The  multiple  input- 
multiple  output  design  procedure  is  described  in  Appendix  B, 
using  the  fundamentals  developed  in  Appendix  A. 

Problem  Definition 

The  general  single  input-single  output  (SISO) 
problem  involves  a  plant  transfer  function,  P,  with  uncer¬ 
tain  parameters  (gain,  poles,  and  zeros)  known  only  to  be 
members  of  finite  sets.  The  design  specifications  dictate 
the  desired  response  of  the  plant  to  inputs  and/or  dis¬ 
turbances.  The  problem  is  to  obtain  a  controller  forcing 
the  plant  output  to  satisfy  performance  tolerances  over 
the  range  of  plant  uncertainty. 

The  basic  SISO  control  loop  structure  is.  shown  in 
Figure  A-l. 


.Fig.  A-l. 


Two  Degrees-of-Freedom  Control  Loop 


In  this  figure,  r(t)  is  the  command  input  to  the 
system  and  d(t)  is  a  disturbance  input  to  be  attenuated. 

P  is  the  plant  transfer  function,  the  characteristics  of 
which  are  not  precisely  known.  The  compensator,  G,  and  the 
pre-filter,  F,  are  to  be  designed  to  force  the  system  out¬ 
put,  y(t),  to  be  an  element  of  a  set  of  acceptable  responses 
despite  the  uncertainty  in  P  and  the  disturbance  input  d(t). 

'  The  plant  input  signal  ,  x  (t) ,  is  identified  since  it  is 
generally  of  interest  because  of  physical  constraints. 

The  signals,  r(t)  and  y(t)  are  assumed  measurable  quanti¬ 
ties  and  the  latter  is  available  for  feedback.  Access  to 
both  signals  allows  the  use  of  the  two  degree-of-f re'edom 
structure  of  Figure  A-l  and  provides  the  designer  with  two 
0) \  independent  compensator  elements,  F  and  G  (13:13).  It  is 

also  assumed  that  r(t),  y(t),  and  (for  now)  P,  such  that 
y(t)  =  Px(t),  are  all  Laplace  transformable  functions 
(13: 8)  . 

There  are  four  transfer  functions  of  interest  in 
Figure  A-L  where  the  loop  transmission,  L,  is  defined  as 
L  =  GP.  The  system  output  due  to  the  command  disturbance 
inputs,  respectively,  are: 

Tr  =  Y  I.)  /R  Is )  a  TrrVW.  •  (i¥iJ  '  W-1* 

TD  -  Y(3)/D(.)  ■  -rTVpi  -  Tr-hrr 

and  the  plant  input  due  to  the  command  and  disturbance 
inputs,  respectively,  are: 
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x  is)  /r  is)  7x~+~g~p~)"  =■  TT-rrr '  '  ,A-31 

Xlsl/Dls)  -  n  l  §  ■  TT^_  (A-4) 


The  design  specifications  may  impose  constraints  on  an', 
or  all  of  these  transfer  functions,  but  for  the  purpose  of 
this  example,  only  the  first  two  are  considered. 


Design  Specifications 

The  design  specifications,  or  closed-loop  system 
response  tolerances,  describe  the  upper  and  lower  limits 
for  acceptable  output  response  tp  a  desired  input  or  dis¬ 
turbance.  Any  output  response  between  the  two  bounds  is 
assumed  acceptable.  The  response  specifications  must  be 
determined  prior  to  applying  the  design  method.  Typically, 
response  specifications  are  given  in  the  time  domain,  such 

as  the.  figures  of  merit  f*  ,  t  ,  t  ,  and  K  based  upon  a 

p  s  p  m 

step  forcing  function  (8:346),  or  as  a  bounded  region  as 

shown  in  Figure  A-2.  Response  to  a  step  input  is. a  good 

initial  test  of  system  response.  Bounds  (Tt  )  and  (Tn)  of 

ij  u 

the  figure  are  the  acceptable  lower  and  upper  limits  of  a 
system's  tracking  performance  to  a  step  input.  Desired 
system  response  to  a  step  disturbance  generally  requires 
maintaining  the  output  below  a  given  value,  thus  only  an 
upper  bound  is  necessary  as  shown  by  curve  (TD)  in 
Figure  A-2.  Additional  Similar  bounds  are  needed  if  other 
inputs  are  to  be  considered.—  1'' 


Fig.  A-3.  Third-Order  Control  Ratio  Pole-Zero  Pattern 

The  frequency  domain  characteristics  are  considered 
during  the  response  modeling.  It  is  desirable  to  keep  the 
magnitude  difference  (as  a  function  of  frequency)  between 
the  upper  and  lower  bound  models  of  TMR<jw)  as  large  as 
possible  at  all  frequencies.  Choosing  a  lower  bound' model 
with  a  greater  pole  to  zero  ratio  than  the  upper  one  ( 
ensures  that  the  magnitude  difference  approaches  infinity 
in  the  limit  as  u  approaches  -infinity. 

Errors  made  during  this  modeling  process  manifest 
themselves  in  one  of  two  ways.  First,  if  the  worst  accept¬ 
able  response  model  is , not  really  acceptable,  the  system 
may  not  meet  the  specifications  over  the  assumed  range  of 
uncertainty  in  P.  And,  second,  if  the  entire  range  of 


allowable  outputs  is  not  considered,  the  bandwidth  of  the 
compensation  will  be  higher  than  necessary,  increasing  the 
cost  of  the  compensator  (13:5). 

Once  control  ratios  are  obtained  for  each  time 
response  bound,  a  magnitude  plot  of  the  frequency  response 
(Bode  plot)  for  each  TM(jw)  is  made  on  the  same  graph  as 
shown  in  Figure  A-4.  These  plots  are  the  frequency  domain 
representation  of  the  design  specifications  on  TR  and  Tp. 
These  derived  frequency  domain  specifications  are  used  to 
obtain  the  bounds  on  the  loop  transmission,  L(joi)  ,  as 
described  later. 

fi* 


■  Fig.  A-4 .  Frequency  Domain  Specifications 
Nichols  Chart 

The  primary  tool  used  in  the  design  of  the  comp- 
pensator  elements,  G  and  F  is  the  Nichols  chart,  shown  in 
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Figure  A-5.  If  the  open  loop  transmission  of  a  unity  feed¬ 
back  system  (L=GP,  assuming  F=1  for  now,  in  Figure  A-l) 
is  plotted  using  the  horizontal  and  vertical  scales  on  the 
chart,  then  at  any  given  frequency,  the  magnitude  and  phase 
angle  of  TR=L/ (1+L)  can  be  read  directly  from  the  curved 
scales.  Conversely  ,  any  point  corresponding  to  the-  magni¬ 
tude  and  angle  of  TR  on  the  curved  scales  provides,  a  point 
corresponding  to  the  magnitude  and  angle  of  L  on  the  hori¬ 
zontal  and  vertical  scales  (8:332-334).  This  correspondence 
between  L  and  T  on  the  Nichols  chart  is  very  important. 

Likewise,  the  Nichols  chart  can  be  used  for  the 
disturbance  response.  Recall  that  TD=1/ (1+L) .  By  way  of 
Sidi's  transformation,  L=l/m  (1:152-155)  the  system  control 
ratio  due  to  the  disturbance  becomes  TD=m/l+m) ,  which  is 
of  the  same  form  as  TR=L/ (1+L) .  •  One  could  design  the 
inverse  of  the  loop  transmission,  m,  directly  on  the 
Nichols  chart,  but  it  is  much  easier  to  realize  that  by 
turning  the  Nichols  chart  upside  down,  reflecting  the 
vertical  angle  of  L  lines  about  the  -ISO  degree  line  (i.e., 
-190  becomes  -170,  -210  becomes  -15,0,  etc.),  and  reversing1 
the  signs  on  all  magnitude  lines,  the  chart  can  be  used 
directly  to  design  L  itself.  The  horizontal  and  vertical 
lines  still  correspond  to  the  magnitude  and  angle  of  L, 
and  the  curved  magnitude  lines  correspond  to  the  magnitude 
of  (1+L)  (1:155).  For  design  purposes,  only  the  magnitude 
of  (1+L)  is  required.  Therefore,  the  curved  angle  lines 
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i's  trans- 
hols  chart 
bed  above, 
further . 


on  the  chart  can  be  ignored.  In  practice,  Sic 
formation  is  merely  implied  by  turning  the  Nic 
upside  down  and  modifying  the  scales  as  descri 
The  dummy  variable,  m ,  need  not  be  considered 

Plant  Ter.t lates 

A  plant  template  is  a  plot  on  the  Nichols  chart 
the  range  of  uncertainty  m  the  plant  P  at  a  given  fre- 

i 

quency  (14:290.  Consider  the  example  P(s)  =  K  s(s~a) 
where  the  gain  K  is  described  by:  2  •  K  8.,  and  the  loca¬ 
tion  of  the  second  pole  is  given  by:  0.-5  •  a  -  2.0.  An 
infinite  numb'or  of  possible  ?’s  exist  due  to  the  variati 
in  parameters,  K  and  a;  however,  each  parameter  is  a 
me  mi)  or  of  a  set  with  finite  boundaries.  Likewise,  the 


magnitude  and  phase  angle  of  all  possible 


lie  with:  r: 


finite  boundaries  when  plotted  at  a .  gi**en  ir-.  :uer.cy.  The 
.plant  template  is  obtained  by  plotting  .Lm. ;  ?  (  3  .)  ]  vs. 

Ang  !  P  ( j  • ) ;  for  all  possible  P  f ;  )'s,  that  is  ox  o  r  the 
range  of  uncertainty  at  a  given  frequency  on  the  Nichols 
chart.  Note,  only  the  outer  edges  of  the  template  need 
be  calculated.  The  plant  transfer  functions  at  the  boun 
daries  arc  found  by,  holding  one  parameter  constant  at  a, 
boundary  value,  i.e.,  set  K-2,  ahd  vary  a  in  increments 
from  0.5  to  2.0.  The  frequency  response  at  .  -1  for  the 
?' s  obtained  above  providf  s  a  sot  of  points  from  A, 

(K-2,  a'0.5),  to,  D,  (K-2,  A  =  2),  on  the  Nichols  chart 
as  sh'own  in  Figure  A-  5.  .  The  process  1:1  continued  until 
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the  complete  template  is  formed.  For  example,  for  a=0.5, 
var’j  K  from  2  to  8  to  obtain  the  line  from  A,  (a  =  0.5, 

K=2) ,  to  B,  (a=0.5,  K  =  8).  Templates  are  needed  for  a 
number  of  frequencies  taker.,  at  regular  intervals,  such  as 
every  octave.  A  set  of  templates  is  shown  in  the  figure 
to  demonstrate  the  change  in  si2e  and  location  of  the 
range  of  uncertainty  i:.  P  for  different  frequencies. 

Ncmir.a  }  .Plant 

To  facilitate  the  shaping  of  the  loop  transmission, 
the  designer  needs  a  reference  or'nommal  plant  transfer 
function.  This  nominal  plant,  P  ,  chosen  by  the  designer, 
is  nothing  mere  than  a  reference  plant  to  be  used  in  the 
definition  ar.d  sharing  of  the  nominal  loop  transmission, 

L  =  hr  .  There  ore  no  rules  or  constraints  or.  the  selec- 

o  o 

tier,  of  P  .  It  doesn't  even  have  to  be  from  the  set  of 

o 

possible  P's,  but  it  is  usually  convenient  to  choose  Pq 

such  that  it  lies  at  a  recognizable  point  on  the  templates. 

It  is  convenient,  as  is  the  case  with  the  example,  to 

select. P  such  that  it  lies  at  the  lower,  left  hand  corner 
o 

of  the  templates.  This  choice  for  P  keens  the  bounds  on 

o 

I.  ,  to  be  described  next,  as  near  the  center  of  the  Nichols 
chart  as  possible.  Once  selected,  the  Pq  point  should  be 
marked  on  each  template,  as  in  Figure  A-5,.  For  the  example 
the  plant  described  by  P^  -  2/ (s  +  0.5)  is  chosen  as  the 
nominal  plant . . 
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Derivation  of  Bounds  on  L 


The  system  step  response  y(t)  is  uniquely  deter¬ 
mined  by  the  transfer  function  T  (s) .  Likewise,  T(s),  for 
a  stable,  minimum  phase  system  (no  right-half-plane  poles 
or  zeros),  is  completely  specified  by  the  magnitude  of  ,the 
frequency  response  T  ( y  )  as  described  in  References  13  and 
14.  Fr°m  the  design  specifications,  the  frequency  response 
of  the  c  cut  V  ( j  )  can  vary  from,  the  value-  of  the  bound 
(T..)  to  the  value  on  the  bound  (Tt  )  at  a  given  frequency 
(see  Figure  A-4).  For  the  given  example,  at  the  frequency, 

.  =  1,  assume  that  V  ( jl)  can  vary  from  0. ?db  to  -0.8db. 

The  relative  variation  in  V  ( y 1 )  is  (0.?)db  -  (-0.3)db  or 

1 . 5db.  In  general,  the  allowable  relative  change  in  Y  ( 3  .  ) 
at  a  given  frequency  is  expressed  as: 

Lm  !  V  ( y  )  }  =  ;  Lm  [Tt.  (}..)]  -  :  Lm  [T.  (y  .  .  '  !  (A-  •; ) 

where  Tt  .  ( y . )  and  Tt  (3.)  are'the  frequency  domain  bounds 

t,  la 

on  Y  (  3  )  . 

The  relative  chqnge  in  the  output  is  related  to  tno 
control  ratio  as  follows.  From  Figure  A-l  and  Equation 
(A- 1 )  ,  LmY  =  LmT  =  Lm ( FL '  (1+L) ]  where  L  =  GP  and  it  is 
assumed  that  no  unceicainty  exists  in  G  and  F.  Then, 

ALm  \\  (  j  .  ±  )  ]  =  ALm  (T  { j  ]  -  ALm  jj— -j-yi'A-7) 

Likewise,  the  relative  change  i..  L(j.i)  is  equal  to  the 
relative .change- in  the  plant.  ■  ■  , 


i 

i 


'  Ln  [L(j,  .)]  =  J.Lm  [  P  ( j  _  i )  ]  (A- 8) 

The  variation  in  P  arises  due  to  parameter  uncertainty, 
thus  the  problem  is  to  find  an  L  such  that  the  relative 
change  requirements  on  the  closed-loop  response  are  satis¬ 
fied  for  the  entire  uncertainty  range  of  P.  The  design 
specifications  state  the  requirements  on  the  closed-loop 
response  Y(?.)  and  thus  T(j  )  as  given  by  Equation  (A-7). 
Constraints  on  the  loop  transmission  L(j.)  are  desired 
(14:291;  13:15). 

L  (  :  )  Bounds  or.  the  N ichol  s  Chart 

The  relative  uncertainty  in  L  is  shewn  to  be  equal 
tc  the  range  of  uncertainty  in  P  by  Equation  (A- 8) .  As 
■described  earlier,  the  plant  template  is  a  plot  on  the 
Nichols  chart  of  the  ranue  of  uncertainty  in  P  at  a  given 
frequency.  Because  Ln  (L)  =  Ln  (P)  +  Lm’  { G )  and  also 
Ang  (L)  =  Ang  (G;  a  template  may  be  translated,  (but  not 
rotated)  horizontally  or  vertically  on  the  Nichols  chart, 
where,  horizontal  and  vertical  translations  correspond  to 
the  angle  and  magnitude  requirements  on  Cj(j.)  respectively 
at  a  given  frequeicy  (14:290).  Drawing  a  line  on  each  of 
the  templates  parallel  to  the.  horizontal  or  vertical  grid 
lines  (see  Figure  A-5)  of  the  Nichols  chart  is  suggested 
to  maintain  correct  template  orientation. 

•  With  the  template  corresponding  to  .  =  1  of. 

Figure  A-5,  translate  it  to  position  1  shown  in  Figure  A-6 
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Since  the  template  is  the  range  of  uncertainty  in  P  and 
L  =  GP,  where  G  is  to  be  precisely  determined,  it  follows 
that  the  area  now  covered  by  the  template  corresponds  to 
the  variation  in  L  and  in  T  due  to  the  uncertainty  of  P. 
Recall  the  correspondence  between  L  and  T  on  the  Nichols 
chart.  Using  the  curved  magnitude  contours,  i.e.  ,  con¬ 
tours  of  constant  Lm[T(j.)3,  read  the  maximum  and  minimum 
values  of  T  covered  by  the  template.  If  the  difference 
between  the  maximum  and  minimum  values  is  greater  than 
the  allowable  variation  in  T  at  the  frequency',  ■=  1, 
that  is  C.Lm  [T(jll]  as  given  by  Equation  (A-7)  and  deter¬ 
mined  from  Figure  A-4,  shift  the  template  vertically,  as 
sr.own  in  Figure  A-6,  until  the  difference  is  equal  to 
Lm[T(jl)]  (to  position  2).  Conversely,  if  the  difference 
is  less  than  that  allowed,  move  'the  template  vertically 
downward  until  the  equality  is  obtained.  When  the  position 
of  the  template  achieves  the  equality  (position  2  of  the 
example),  mark  the  nominal  point  PQ  of  the  template  on 
the  Nichols  chart.  The  point  marked  corresponds  to  a  bound 
on  the  magnitude  and  phase  angle  values  of  LQ(jl)  read  from 
the  horizontal  and  vertical  scales  of  the  Nichols  chart* 
where  the  nominal  loop  transmission,  I*0(jw^),is  given  by: 

LQ<  j->i}  =  G  ( PQ  ( (A-9) 

Repeat;. the  process  horizontally  across  the  qhart  at  differ¬ 
ent  values  of  Ang  (Lq)  .  The  points  marked  oh  the  chart 


form  a  curve,  B0(j....),  representing  the  boundary  of  L  (j_.) 
at  the  given  frequency  of  the  template.  As  long  as  L 
lies  outside  or  above  the  boundary,  B_(j^.),  corresponding 
to  u'  =  ..  at  the  frequency  ..  =  the  variation  in  T  due 

to  the  uncertainty  in  P  is  less  than  or  equal  to  the  rela¬ 
tive  change  in  T  allowed  by  the  design  specifications  at 
that  frequencv'.  Repeat  this  boundary,  B  (j„.),  derivation 
for  various  frequencies,  . .  using  the  corresponding  plant 

templates  to  obtain  a  series  of  bounds  on  L  (j„. .)  (14: ; 

— o  J  1 

291-292). 

Likewise,  the  step  disturbance  response  specifica¬ 
tion  (line  Tq  on  Figure  A-4),  is  converted  to  bounds  on 
L  (j.).,  In  order  to  effectively  reject  the  disturbance 
the  following  inequality  must  be  satisfied: 

1/’  [l  +  L(j.  )  ]  !  ^  C  ( j  .  )  i  (A-10) 

where  C(j.)  is  the  magnitude  of  the  boundary,  (TD)  ,'  on 
Figure  A-4.  Converting  the  magnitudes  to  decibels  and 
rearranging  terms,  the  inequality  can  be  expressed  as: 

Lm  [1  +  L  (  j  .  '  _  -  Lm  ( C  (  j ..  )  ]  ,'(A-11) 

Now  a  template  is  placed  on  the  inverted  Nichols  chart 
such  that  its  lowest  point  rests  directly  on  ,the  contour 
of  constant  Lm  f  1  +  L(j>  )]  equal  to  -Lm  [ C  ( j )  ]  at  the 
frequency,  for  which  the  templat'e  is  drawn.  The  point, 

P  ,  is  marked  and  the  template  .slid  along  the  same  contour 


forming  a  bound,  ^or  L0*  Bounds  are  formed  for 

each  frequency,  in  this  manner  using  each  template.  Using 
the  rectangular  (Lm  L)  grid,  transcribe  the  bounds,  BD(j._  .  ) 
on  Lq  onto  the  upright  Nichols  chart  which  already  contains 
the  command  response  bounds,  BR(j^),  on  Lq  as  shown  in 
Figure  A-7.  For  each  frequency  of  interest,  erase  the 
lower  of  the  two  L  bounds,  where  the  remaining  bound  is 
labeled,  B  (j.).  The  point  here  is  that  the  worst  bound 
must  be  used  in  the  shaping  of  Lq. 

'  Universal  Frequency  Bound 

The  universal  frequency  (UF)  bound  ensures  the 
loop  transmission,  L,  has  positive  phase  and  gain  margins, 
whose  values  depend  on  the  oval  of  constant  magnitude 
chosen  (see  Figure  A-7).  As  the  frequency,  increases, 
the  plant  templates  become  narrower  and  can  be  considered 
vertical  lines  as  *  approaches  infinity.  The  allowable 
variation  in  T  increases  with  frequency  also.  The  result 
is  the  bounds  of  LQ(j^)  te^d  to  become  a  very  narrow 
region  around  the  Odb,  -180  degree  point  (origin)  of'  the 
Nichols  chart  at  high  frequency.  .  To  avoid  placing  closed-- 
loop  poles  near  the  jv  axis  resulting  in  oscillatory  dis¬ 
turbance  response,  a  UF  bound  is  needed  on  the  Nichols 
chart.  With  increasing  the  bounds  on  Lq  approximately 
follow;the  ovals  encircling  the  origin.  Choose  one  of  the 
ovals  hear  the  origin.  In  Figure  A-7,  the  contour  of 
constant  magnitude  equal  to,  5db  is  used  in  this  example. 
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From  the  templates  corresponding  to  high  frequency,  find 
the  template  with  the  greatest  vertical  displacement, 
lv,  in -db.  £v  may  be  accurately  determined  by  finding 
the  maximum  change  in  Lm[P(j^)]  in  the  limit  as  u  goes  to 
infinity.  Translate  the  lower  half  of  the  5db  oval  down 
the  length  of  the  template,  i.e.,  Lv  db,  as  shown,  thus 
obtaining  the  UF  bound  (see  Figure  A-7).  (Note:  Professor 
Horowitz  refers  to  this  bound  as  the  Universal  High 
Frequency  (UHF)  Bound)  (13:20-22.) 

Shaping  of  the  Nominal 
Loop  Transmission 

The  shaping  of  a  nominal  loop  transmission  conform' 
ing  to  the  boundaries  of  Lq  is  a  most  crucial  step  in  the 
design  process.  A  minimum  bandwidth  design  has  the  value 
of  Lq  on  its  corresponding  bound  at  each  frequency.  In 
practical  designs,  the  goal  is  to  have  the  value  of  Lq 
occurring  above  the  corresponding  bound,  but  as  close  as 
possible  to  keep  the  bandwidth  to  a  minimum.  Figure  A-7 
shows  a  practical  design  for  L  .  Note,  any  right-half¬ 
plane  (rhp)  poles  and/or  zeros  of  PQ  must  be  included  in 
Lq  to  avoid  any  attempt  to  cancel  them  with  zeros  of  P^ 
as  a  starting  point  in  the  design  of  hQ  is  suggested,  to 
avoid  any  implicit  cancellation  of  foots  in  determining  G. 

Solving  for  G 

T The  compensator,  G,  is  obtained  from  the  relation: 

G  »  L„/P  .  1  If  the  L  found  above  does  not  contain  the 
o  o  o 
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roots  of  P  ,  then  the  compensator  G  must  cancel  them. 

Note,  cancellation  occurs  only  for  purposes  of  design 
using  the  nominal  plant  transfer  function.  In  actual 
implementation,  exact  cancellation  does  nor  result  (nor 
is  it  necessary)  since  P  can  vary  over  the  entire  uncer¬ 
tainty  range. 

Provided  the  nominal  loop  transmission,  Lq,  is 
shaped  properly,  i.e.,  meets  the  requirement  of  being  on 
or  above  the  bound,  Bq  ( )  ,  at  each  corresponding  fre¬ 
quency,  the  variation  in  T  resulting  from  the  uncertainty 
in  P  is  guaranteed  to  be  less  than  or  equal  to  the  allow¬ 
able  relative  change  in  T  allowed  by  the  design  specifica¬ 
tions  (14:291).  The  design  of  the  pre-filter,  F,  is  the 
final  step  in  the  design  process. 


Design  of  F 

Design  of  a  proper  Lq  only  guarantees  the  variation 
in  T(jo..)  is  less  than  or  equal  to  that  •  allowed.  The  purpose 
of  the  pre-filter  is  to  position  Lm[T(ju)]  within  the  fre¬ 
quency  domain  specifications.  For  the  example  given 
above,  the  magnitude  of  the  frequency  response  must  lie 
within  the  bounds  shown  in  Figure  .A- 4  which  are  redrawn 
in  Figure  A-8.  One  method  for  determining  the  bounds  on 
the  pre-filter,  F,is  as  follows.  P'ace  the  nominal  point 
of  the  >  =  1  template  on  the  Niche-s  chart  where  the  LQ(jl) 
point  dccurs.  Record  the  i  iximura  and  minimum  values  of 
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Fig.  A- 8.  Requirements  of  F 


Lm(T),  1.2  and  1.0  in  the  example,  obtained  from  the 
curved  magnitude  contours.  Compare  the  values  found  above 
to  the  maximum  and  minimum  values'  allowed  by  the  frequency 
domain  specifications  of  Figure  A-4  'at  u  *  1  (0.7db  and 
-0.8db).  Determine  the  range,  in  db,  Lm(T)  must  be  raised 
or.  lowered  to  fit  within, the  bounds  of  the  specifica¬ 
tions.  For  example,  at  u  =  1,  the  actual  Lm(T)  must  be 
within  [Lm{Ty)  *  0.7  db]  >  Lm[T(jl)]  >  [Lm(T^)  *  -0.8db]. 
But,  from  the  plot  of  L  ,  the  actual  range  of  Ltn(T)  is: 
1.2db  >  Lm[T(jl)]  >  l.Odb.  To  lower  Lm{T(jl)  ]  from  the 
actual  range  to  the  desired  range,  the  pre-filter,  tm(F) 
is  required:  (0.7  -  1.2db)  >  Lm[F(jl)J  >  (-0.8  -  l.Odb, 

or  -O.Jdb  >  Lm[F(jl)]  >-1.8db  (see  Figure  A-8) .  The 
process  is  repeated  for  each  frequency  corresponding  to 
the  templates  used  in  the  design  of  L  .  Therefore, 
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The  single  loop  design  is  complete  with  the  design 
of  F.  The  system  response  is  guaranteed  to  remain  within 
the  bounds  of  the  design  specifications,  provided  the 
uncertainty  in  P  stays  within  the  range  assumed  at  the 
beginning  of  the  design  process  (14:  238)  . 

Summary 

This  appendix  presents  an  overview  of  the  SISO 
design  technique  of  Professor  Horowitz  for  the  single  loop 
systems  with  uncertain  plants.  The  technique  is  entirely 
based  in  the  frequency  domain,  and  makes  considerable  use 
of  the  Nichols  and  Bode  plots.  Much  of  the  designing  can 
be  done  by  graphical  methods. 

Design  specifications  are  translated  into  the  fre¬ 
quency  domain  and  constitute  limits  or  boundaries  on  the 
frequency  response  of  the  system  control  ratio  and  the  loop 
transmission.  Two  compensator  elements,  G  and  F,  are 
synthesized  to  control  'the  system  response  to  inputs  and 


disturbances . 


Appendix  B:  Multiple  Input-Mul  ■- lul  e  Output  Theory 

(This  appendix  was  taken  from  Ref ei arce  3  with  minor 
changes . ) 

Introduction 

The  design  approach  for  each  loop  of  the  MIMO 
system  is  identical  to  that  for  the  SISO  system  described 
in  Appendix  A.  But  first  the  MIMO  system  m'ujt  be  separated 
into  SISO  loops  which  are  equivalent  to  the  actual  MIMO 
model . 

In  general,  an  nxn  MIMO  system  can  be  represented 
in  matrix  notation  as  ^  3  Pu,  where  y  is  the  vector  of 
plane  outputs,  u  is  the  vector  of  plant  inputs,  and  P  is 
the  plant  matrix  of  transfer  functions  relating  u  to  y. 

This  P  matrix  is  formed  from  either  the  linear  differential, 
equations  describing  the  system  or  directly  from  the  i 
state  space  representation. 

Professor  Horowitz  has  shown,  by  the  use  of  f: 
point  theory,,  that  the  inverse  of  the  P  matrix,'  refer: 
to  as  Q*  ,  contains  elements  which'  are  the  inverses  of 
single  .loop  transfer  functions  equivalent  to  the  '©rig: 

MIMO  plant.  The  MIMO  problem  is  then  broken  up  into  i 
loop  designs  and  n  pre-filter/disturbance  problems,  wl 
are  each  handled  as  described  in  Chapter  II  (10:677). 
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Tne  MIMO  Plant 


Consider  the  multiple  input-multiple  output  plant 
of  Figure  B-l.'  The  nxl  input  vector,  u  produces  an  nxl 
output  vector,  y.  The  relationship  between  y  an<^  u  is 
described  by  the  nxn  plant  matrix,  P,  which  is  known  only 
to  be  an  element  of  a  set  of  possible  P's.  It  is  assumed 
that  the  range  of  uncertainty  in  P  can  be  determined, 
probably  in  the  font  of  empirical  data  relating  uto  y. 


Fig.  B-l .  MIMO  Plant 


Note  that  the  input  and  output  vectors  are 'assumed  to  be 
of  the  same  dimen  _on.  Although  this  may  appear  to  be  a 
restrictive  assumption,  it  can  be  shown  that  with  n  inputs, 
at  most  n  outputs  can  be  independently  controlled  {15: 
530-536).  .Thus,  if  the  existing  model  defines  an  unequal 
number  of  inputs  and  outputs,  the  first  step  is  to  modify 
the  model  such  that  the  dimensions  of  the  input  and' output 
vectors  are  equal.  An  example  of  such  a  modification  is 
presented  in  Chapter  IV. 

"  The  plant  matrix  P,  .can  be  derived  directly  from 
the  set  of  coupled,  linear,  timer  invariant  differential 
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equations  describing  the  behavior  of  the  plant  in  response 
to  its  inputs.  Consider  a  general  plant  model  of  the  form: 


(a)y1  +  (bs  +  c  )y2  =  (f^  +  (g)u2 

(ds)y1  +  (e)y2  =  (h)u1  +  (i)u2  (B-l) 

where  a  through  i  are  the  constant  coefficients,  and  Y's 
are  the  outputs,  and  the  u's  are  the  inputs  to  the  plant. 
The  system  of  Equation  (B-l)  can  be  represented  in.  matrix 
notation  as: 


a 

ds 


bs  +  c 
e 


(B-2) 


Define  the  matrix  multiplying  the  output  vector  as  M  and 
the  matrix  multiplying  the  input  vector  as  N.  The  system 
is  now  described  by: 

My  =  Nu  (B-3) 

The  plant  matrix  needed  is  defined  by: 

y  =  Pu  (B-4 ) 

Thus  the  plant  matrix,  P  is  simply: 

P  =  ffh  (B-5) 

^The  standard  state  space  representation  for  a 
* 

system  is  described  by  the  equations  (11:93): 
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The  block  diagram  for  this  system  is  shown  in  Figure  B-2. 


Fig.  B-2.  Standard  State  Space  Diagram 


Although  any  number  of  states  may  be  represented, 
it  is  again  assumed  that  the  input  and  output  vectors,  u 
and  v  respectively,  are  of  the  same  dimension.  Assuming 
the  system  is  linearized  and  the  A,  B,  and  C  matrices  are 
time  invariant,  the  plant  matrix  is: 

P  =  C[sl  -  A]"1  B  (B-7) 

This  plant  matrix  is  actually  a  representative 
member  of  a  set  of  possible  plant  matrices  due  to  the 
uncertainty  in  the  plant  parameters.  In  practice,  a  finite 
set  of  P  matrices  are  formed  representing  the  plant  under 
varying  conditions. 

MIMO  Compensation 

The  compensation  scheme  for  the  MIMO  system  is 
similar  to  that  of  the  SI  SO  system  of  Chapter  II.  The 


basic  MIMO  control  structure  is  shown  in  Figure  B-3  where 
P  is  the  uncertain  plant  matrix,  G  is  a  diagonal  compensator 
matrix,:  and  F  is  a  pre-filter  matrix.  Designs  involving  a 
non-diagonal  G  matrix  are  not  considered  in  this  thesis 
(11:14). 


Fig.  B-3.  MIMO  Control ■ Structure 


The  functions  of  G  and  F  are  identical  to  those  of  G  and 
F  of  the  SISO  system  of  Appendix  A.  Figure  B-4  shows  a 
more  detailed  breakdown  of  a  2x2  MIMO  system  where: 
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Constraints  on  the  Plant  Matrix 

The  set  of  P  matrices  must  be  tested  to  ensure  that 
two  critical  conditions  are  met  (12:86-90): 

1.  P  must  not  be  singular  for  any  possible  com¬ 
bination  of  plant  parameters;  i.e.,  P”^  must  exist. 

;  2.  As  s-  %  |  P11P22  i  *  !Pl2p21^for  ail 

possible  plants.  This  is  the  requirement  for  a  2x2  plant.1 


Fig.  B-4.  Two-by-Two  MIMO  System 


For  explanation  of  the  constraint  inequality  for  the 
3x3  or  highe:*  cases,  see  Reference  12  and  Chapter  II. 

The  first  condition  is  absolutely  necessary  to 
ensure  controllability  of  the  plant.  The  inverse  of  P 
produces  the  effective  transfer  functions  used  in  the 
design.  If  condition  2  is  not  satisfied,  it  may  be  pos¬ 
sible  to  change  the  ordering  of  the  input  or  output  vector 
which  changes  the  ordering  of  the  P  matrix  elemehts. 


Effective  SISO  Loops 

Now  define  a  matrix  Q'  =  Pri  which  has  elements, 
2 

The  n  effective  transfer  functions  needed  are: 

q.  .  =•  l/q(  ..  '  Reference  12  contains  the  derivation  and 
13  13 

proof  of  this  equivalence*  The  nxn  MIMO  system  is  now 
**> 

treated  as  nfc  SISO  problems.  Figure  B-5  shows  the  four 
effective  SISO  loops  resulting  from  the  2x2  MIMO  system 


(10:582) . 


;  Each  loop  in  Figure  B-5  is  handled  as  an  individual 
SISO  design  problem  in  accordance  with  the  procedures 
presented  in  Appendix  A.  The  f's  and  g's  are  the 
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-1 


Fig.  B-5.  Effective  SISO  Loops 


compensator  elements  F  and  G  described  previously.  The 
disturbances,  d\j  represent  the  interaction  between  the 
loops. 


"dij  *  Z  q  '  k  *  i 
3  k  qik 


(B-8 ) 


The  b^j  in  the  above  equation  is  the  upper  response 
bound,  (Ty  or  TD  in  Figure  B-4)  ,  for  the  respective 
input /output  relationship.  These  are  obtained  from  the 
design  specifications  (10:681-684).  Note  that  the  first 
digit  of  the  subscript  of  b^^  refers  to  the  output  and  the 
second  digit  to  the  input.  Thus,  b^j  is. a  function  of  the 
response  requirements  on  the  output,  y^,  due  to  the  input, 
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A  recent  improvement  in  the  design  technique 
involves  modification  of  the  a's  on  the  second  and  subse¬ 
quent  loops  based  on  the  g's  already  designed.  This 
reduces  the  overdesign  inherent  in  the  early  part  of  the 
design  process.  During  the  design  of  the  final  loop  the 
exact  equation,  representing  the  loop  and  the  interactions 
of  the  other  loops,  is  used  (9:977).  The  use  of  this 
improvement  is  demonstrated  in  the  actual  design, 

Chapter  IV. 


Basically  Non-interacting  (BNIC)  Loops 

When  the  response  of  an  output,  yfc,  due  to.  an 
input,  r^,  is  ideally  zero,  the  yk^  loop  is  called  a 
basically  non-interacting  (BNIC)  loop  (10:679).  Due  to 
loop  interaction  and  plant  uncertainty,  this  ideal  response 
is  not  achievable.  Therefore,,  the  performance  specif ica- 

i 

tions  describe  maximum  responses  and  the  loop  is  handled 
exclusively  as  a  disturbance  rejection,  problem. 


Summary 


This  appendix  des 
output  plant  and  the  p.lar 
Guidelines  are  presented 
relates  the  input  vector 
The  division  of  t 
loops  is  presented  via  in 


cribes  the  multiple  input-multiple 
t  matrix  which  describes  it. 
for  finding  the  P  matrix,  which 
to  the  output  vector. 
heMIMO  system  into  separate  SISO 
verse  of  the  P  matrix.  After  the 


equivalent  SISO  loops  are  determined,  each  is  designed  in 
accordance  with  the  SISO  design  theory  presented  in 
Appendix  A. 


Appendix  C:  Aircraft  Equations 


«• 


(This  appendix  was  taken  from  Reference  17  with  minor 
changes.) 

Introduction 

This  appendix  gives  a  description  of  the  KC-135 
aircraft  and  discusses  the  sign  convention  used  in  this 
thesis.  The  conversion  of  the  nondimensional  stability 
axis  derivatives  to  the  dimensional  body  axis  system  is 
outlined.  The  addition  of  the  first  and  second  body  bend¬ 
ing  modes  is  also  included. 

Aircraft  Description  (5) 

The  KC-135  is  a  four-engine  jet-powered  tanker./ 
cargo  aircraft.  The  swept  wing  is  mounted  low  on  the 
fuselage  at  an  incidence  of  2  degrees  and  is  tailored  for 
high  subsonic  cruise  speeds.  The  aircraft:  has  a  basic 
weight  of  approximately  106,000  pounds,  depending  on  equip¬ 
ment  installed,  and  a  maximum  gross  weight  of  287,000 
pounds.  All  control  surfaces,  except  the  spoilers,  are  . 
aerodynamical ly  balanced  and  operated  by  means  of  control 
tabs.  A  hydraulically  boosted  rudder  is  installed  on  all 
aircraft.  The  lateral  control  system  is  composed  of 
integrated  aileron  and  spoiler  control  surfaces.  The 
spoilers  may  also  be  used  as  speed  brakes  when  operated 
symmetrically.  Movement  of  the  inboard  ailerons  causes 
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a  corresponding  movement  of  the  outboard  ailerons  if  the 
wing  flaps  are  extended  beyond  the  23  degree  point.  Such 
is  the  :case  for  the  flight  condition  representing  the 
landing  phase  in  this  thesis.  If  the  wing  flaps  are  up, 
a  lockout  mechanism  prevents  the  outboard  ailerons  from 
moving.  Lateral  trim,  of  both  the  rudder  and  ailerons  is 
accomplished  manually  by  rotating  a  trim  wheel  which  posi¬ 
tion  trim  tabs  on  respective  control  surfaces. 

Longitudinal  control  is  provided  by  an  all  move- 
able  stabilizer  and  elevator  system.  The  stabilizer  posi¬ 
tion  is  set  by  a  trim  wheel  which  can  be  operated  elec¬ 
trically  or  manually.  All  three  F.C.'s  used  in  this 
thesis  assume  a  horizontal  stabilizer  setting,  which 
results  in  no  elevator  deflection  required  to  maintain 
that  flight  condition.  It  should  be  noted  that  no  flight 
control  surface,  either  lateral  or  longitudinal,  is  modi-  1 
fied  for  the  purpose  of  this  thesis  and  all  functions  as 
described  by  the  current  Technical  Order  Specification  at 
the  time  of  this  thesis  (20)  . 

The  four  Pratt  and  Whitney  J57-P-59W  or  -43WB 
engines  are  mounted  individually  below  the  wing  on  forward 
swept  struts.  The  engines  are  each  rated  at  12,845  pounds 
thrust  for  a  standard  day  at  sea  level  (15  deg.  C,  29.29 
inches  of  mercury) .  Other  related  geometric  data  as  found 
in  Reference  5  is  as  follows: 


Characteristic 
Fus_elage 
Win:g  Area 
Wing  Span 
Wing  M.A.C. 


Symbol 

F 

S 

b 

c 


Dimension 

128.83  ft. 
2433  sq.ft. 

130.83  ft. 
20.16  ft. 


Distance  from  25%  1.  61.39  ft. 

Wing  M.A.C.-  to 
25%  Horizontal 
Tail  M.A.C. 


The  abbreviation,  M.A.C.,  stands  for  mean  aerodynamic 
chord.  Further  data  for  the  KC-135  aircraft  can  be  found 
in  References  5  and  20. 


Control  Inputs 

Control  inputs  available  include  two  lateral  con¬ 
trols,  the  ruddet  (c  )  and  the  ailerons  and  spoilers  (6  ). 

r  w 

£  is  modeled  as  the  control  wheel  movement  and  its  limits 
w 

are  set  at  ±  90  degrees.  A  control  wheel  movement  corres¬ 
ponds  to  a  combined  aileron  and  spoiler  displacement.  Move 
ment  of  the  control  wheel  within  its  limits  results. in  both 
aileron  and  spoiler  movements  within,  their  limits.  6r  is 
rudder  displacement  and  its  limits  are  set  at  ±  17  degrees. 
Longitudinal , control  includes  the  elevator  (6e) ,  the  speed 

brakes  (£  ,  ) ,  and  the  thrust  <6_).  5  is  elevator  dis- 

sb  T  e 

placement  and  its  limits  are  set  at  ±  25  degrees.  It 
should -be  noted  that  constant  elevator  displacement  repre¬ 
sents  An  out  of  trim  condition  and  is  normally  trimmed  off 
by  an  appropriate  horizontal  stabilizer  position.  However, 
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this  is  not  possible  with  the  model  representation  used 
in  this  thesis.  6  ^  is  speed  brake  deflection  which  is 
symmetrical  spoiler  deployment  and  has  a  limit  of  0  to 
60  degrees.  6T  is  modeled  in  terms  of  100  percent  of 
available  thrust  and  limits  vary  depending  upon  altitude 
and  gross  weight. 

Since  the  equations  are  decoupled  and  the  theory 
requires  the  same  number  of  inputs  and  outputs,  two 
lateral  and  three  longitudinal  outputs  are  chosen.  The 
lateral  outputs  are  the  roll  angle  $  and  the  sideslip  6. 

The  longitudinal  outputs  are  the  pitch  angle  8,  the 
velocity  in  the  x-direction  v,  and  h  is  the  velocity  in 
the  z-direction. 

Sign  Convention  and  Axes  System 

The  sign  convention  for  the  forces  and  moments, 
as  used  throughout  this  thesis,  are  shown  in  Figures  C-l,  ■ 
C-2,  and  C-3.  Figure  C-2  shows  lateral  sign  conventions 
while  Figure  C-3  shows  longitudinal  sign  convention. 

Rudder  (<$r):  Rudder  deflection  to  the  left  is 
defined  as  positive.  This  produces  a  positive  0,  positive 
v,  negative  N,  and  negative  R. 

Control  Wheel  (6.J:  Control  wheel  deflection  to  the 
right,  which  cause  right  aileron  up  and  right  spoiler  up 
along  with  left  aileron  down  is  defined  as  positive.  This 
produces  a  positive  L,  positive' $,  and  positive  P.  Note, 


Z,w 


P  -  Roll  Angular  Velocity 

Q  -  Pitch  Angular  Velocity 

R  Yaw  Angular  Velocity 

X,Y,Z  -  Aerodynamic  Force 
Components 

u,v,w  -  Velocity  Components 

;  Fig.  C-l. 


L  -  Rolling  Moment 
M, -  Pitching  Moment 
N  -  Yawing  Moment 
4>  -  Roll  Angle 
6  -  Pitch  Angle 
ip  -  Yaw  Angle 

Sign  Convention 


that  this  definition  of  positive  aileron  is  not  standard, 
but  does  conform  with  Reference  4. 

Elevator  (f  ):  Control  column  movement  forward 

- —  e 

which  causes  down  elevator  deflection  is  defined  as  posi¬ 
tive.  This  positive  elevator  produces  a  negative  6, 
negative  M,  and  negative  Q. 

Speed  Brakes  (csb):  Spoilers  when  used  symmetrically 
are  defined  as  speed  brakes,  which  when  deflected  positive 
are  up. 

Thrust  Thrust  is  .modeled  as  percent  of  avail¬ 

able  thrust  and  a  positive  calls  for  an  increase  in 
thrust. 

Conversion  of  Stability 
Axes  to  Body  Axes 

Control  derivatives  are  given  in  Reference  6  as 
nondimensional  stability  axis  coefficients  (see  Table  C-2) . 
These  derivatives  are  converted  to  body  axes  and  then 
dimensionalized  in  a  manner  found  in  Reference  18.  The 
equations  used  to  convert  longitudinal— stability  axis 
derivatives  to  body  axis  are: 

(Cz  }b=  <-CL  *  CD)c^0s2ao  +  (~CD  *  2CD)sin2ao 

a'  a 

+  (— C.  -  C.  -  Cn  )cosa  sine*  (C-l) 

L  L  u  o  a 

u  a 


I  «• 


ICZ  >b  =  '“CL  '  2CL)COs2ao  +  ,CD  ‘  CL,sin2\> 

U  U  a 

'  +  (CL  "  CD  •  cD)cosaosinoco 

a  u 


(C  >H  “ 

2  .  D 


-  CT  cosa_  -  C_  sina 
L;  O  D  *  O 

A  A 


ICx  >b  *  «-CD  +  CL  lc0s2a0  +  (CL  +  2CL)Sin2ao 

a  a  a  u  • 

+  (“CD  ’  CD  +  CL  >cosa0sina0 
u  a 


(C  ). 
x  b 

q 


CT  sina 
L  o 

q 


<cx  ^  b  ~  (“CD  “  2cd^gos  ac  +  <~CL  "  CD) sin  aQ 
u  u  a 

+  (C_  +  CT  +  CT ) cosa^sina^ 

D  L  L  O  O 

a  u 


(C  ),  =  -  Cn  cosa„  +  CT  sina 

x  -  b  D  -■  o  L  -  o 


(CM  )fa  =  CM  cosaQ  +  (CM  +  2CM)sinaQ 

a  a 


(CH.(b  *  cm.cos:,0 

a  a 


(CM  *b  ~  (CM  +  2CM)cOSClo  ~  CM  sinao 

U  U  a 


(CM  ^  b  CM 

■q  q 


<cp  >b  =  cMj 


(C-3) 

(04) 

(05) 

(06) 

(07) 

(08) 

(09) 

(C-10) 

(Oil) 

(012) 

(013) 
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(C-23) 


(Cy  >b  =  Cy  COSlo  ‘  Cy  sinao 
P  P  aP 


(CY  ”  ”  Cy  COSao  +  Cy  sinao 
■  r  1  p  1  p 


(C-24) 


b 


(C-25) 


Dimensional  Body  Axes  Equations 

Once  the  conversion  to  body  axes  is  made  it  is 
desirable  to  dimensionalize  the  derivatives.  The  equations 
for  dimensionalization  of  the  longitudinal  control  deriva¬ 
tives  as  given  in  Reference  16  are  as  follows: 


V  zcz 


Z  =  [ (Z  C) /2U  ) ]  c7 
q  o  b 


ZU  =  <Z/V  CZ 


u 


Zc  -  2  CZ 


X  =  X  CY 

a  .  X 


X  «  [ (X  C) / (2U  ) ]  Cx 


Xu  =  (X/UQ)  Cx 


Xr  ■  X  c. 


Ma  w*  M(CM.>b 

■  a- 


M  =  [  (M  C)  /  ( 2 U  )  ]  (CM  ). 
a  o  M  D 


(C-26 ) 
(C-27) 
(C-28) 
(C-29) 
<C-30) 
(C-31) 
(C-32) 

(C-33) 

(C-34) 

(C-35) 
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(036) 
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(C-4  9) 


Yr  =  [  (Y  b)/{2U  )]  (C  ). 

yr 

Y6-=Y(Cy,)b  «>50) 

Where  N  =  (qsb) /  (I  ) ,  L  =  (qsb)/(I  ),  and  Y  =  (qsb)/m 

Z  AA 

aud  q  =  dynamic  pressure,  s  =  surface  area  of  wing,  m  = 
mass  of  the  aircraft,  b  =  wing  span,  I  =  body  axes  moment 
of  inertia  about  z-axis,  and  I  =  body  axes  moment  about 
x-axis. 

Appropriate  dimensional  body  axes  derivatives  are 
changed  to  the  prime  notation  using: 


V  = 

-  g  cos9 

P 

(C— 5 1) 

X  ,  = 

q  ■ 

x„  - 

q  O  O 

(C-52 ) 

z„,  = 

0 

(-g/UQ)  sin0Q 

(C-53) 

Zu’  = 

Z  /U 
q  o 

(C-54) 

zq' 

<z  /u  )  +  i 

q  O 

(C-55) 

V  = 

Z  /U 
a  o 

(C-56) 

Z  6 '  * 

z,/u 

o  o 

(C-57 ) 

Mq,  - 

M  Za, 

v  .  ,  t 

(C-58) 

M  ,  = 
u ' 

M  +  M*  (Z  /U  ) 
u  a  u  o 

(C-59) 

M  f  ~ 

■  a 

M  +  M •  (Z/U  ) 

a  a  .  o 

(C-60) 

\ 
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(C—  61) 


number  2  is  shown  in  Appendix  D.  Data  received  from  this 
program,  has  the  units  of  radians,  radians  per  second,  and 
feet  per  second.  This  data  was  converted  by  Capt.  J.  Locken 
(17)  into  units  of  degrees,  degrees  per  second,  and  feet  per 
second.  Body  axes  derivatives  for  the  three  F.C.'s  are 
listed  in  Tables  05,  C-6,  and  07. 

Percent  thrust  is  modeled  in  terms  of  thrust  avail¬ 
able  and  is  given  by 

2 

x  =  Thrust  available  ft/sec 
(Mass)  X  100%  R.  M 

where  M  =  g/w  is  the  mass  of  the  aircraft  and  thrust  is 
measured  in  pounds. 

KOI 35  Aircraft  Models 

The  three  F.C.'s  as  discussed  in  Chapter  III  are: 

F.C.  #1:  High  altitude,  high  speed  cruise  at 
Mach  0.77  and  45,000  feet. 

F.C.  #-:  Medium  altitude,  heavy  weight  cruise  at 
Mach  0.77  and  28,500  feet. 

F.C.  # 3 :  Landing  configuration  at  Mach  0.21  and 
sea  level. 

Pertinent  aircraft  data  for  each  of  the  three  F.C.'s  as 
found  in’  References  5  and  19  is  listed  in  Table  C-l,  The 
hondimensional  stability  axes  derivatives  as  found  in  Refer¬ 
ence  5  are  listed  in  Tables  02,  03,  and  04  for  F.C.'s  #1, 
#2,  and  S3  respectively.  The  dimensional  body  axes  deriva¬ 
tives  for  the  input  and  output  matrices  are  listed  in  Tables 
C-5,  C-6,  and  07  for  F.C.'s  #1,  #2,  and  #3  respectively.  All 
derivatives  not  listed  in  these  tables  are  assumed  to  be  zero., 


TABLE  C-l 


KC-135  AIRCRAFT  DATA 


Condition 

#1 

#2 

.  #3 

Units 

Altitude 

45,600 

28,500  ■ 

sea  level 

ft 

Mach 

0.77 

0.77 

0.21 

■  — 

Weight 

130,000 

284,000 

130,000 

lbs 

Centre  of 

Gravity 

32.1 

24.2 

32.1 

%MAC 

•7 

124.8 

279.7 

65.9 

lbs/ft2 

s  (wing  area) 

2433 

2433 

2433 

ft2 

b  (wing  span) 

130.83 

130.83 

130.83 

ft 

c  (wing  MAC) 

20.16 

20.16 

20.16 

ft 

UQ  (true) 

'  745 

771 

235 

ft/sec 

0Q  (body) 

2.4 

2.4 

-0.1, 

deg 

•a  (wing) 

4.4 

4.4 

'  4.4 

deg 

(body) 

2.4 

2.4 

2.4 

deg 

Xxx 

2,050,000 

2,930,000  , 

2,050,000 

slug  ft2 

I 

yy 

2,460,000 

4 ,660 ,000 

2, 46b, 000 

slug  ft2 

i 

zz 

4,360,000 

7,480,000 

4,360,000 

slug  ft2 

I 

•m.  mm 

^ _ 

*•  — . 

xz 

Note : 

All  inertias 

are  in  body 

axis  reference 

system. 
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TABLE  C-2 


NONDIMENS IONAL  STABILITY  AXES  DERIVATIVES 


FOR 

F.C.  #1 

CL  • 

0.426 

CM 

0.0 

CD 

0.024 

CLU 

0.0 

CM* 

a 

, -6.79 

CD 

u 

■0.0 

CL 

5.329 

CM 

a 

-1.1747 

CD 

a 

0.2417 

CL 

q 

5.1545 

C 

m 

q 

-15.65 

— 

— 

CL . 

"'e 

0.2114 

CM. 

"e 

-0.6647 

CD _ 

Ce 

0.0  ■ 

CL,  • 

'  sb 

-0.3189 

V 

sb 

0.07259 

CD. 

6sb 

0.0497 

ci. 

-0.223 

.  C 

ns 

0.166 

S 

-0.762 

C1 

P 

-0.435 

Cn 

P 

.  -0.005 

% 

-0.233 

C1 

r 

0.155 

-0.194 

Cvr 

0.42  8 

V 

'r 

0.0315 

C 

% 

-0.113 

\ 

r 

0.264 

% 

■  w 

0.0189 

w 

0.00149 

cy 

y6 

w. 

-0.0074 

Note:  Units  are  radians”^-. 


TABLE  C-4 


NONDIMEN SI ON AL  STABILITY  AXES  DERIVATIVES 
FOR  F.C.  #3 


CL 

0.8108 

CM  . 

0.0' 

CD 

0.0905 

CLU 

0.0 

CM. 

a 

-5.52 

CD 
’  u 

0.0 

\ 

4.475 

CM 

a 

-1. 0027 

CD 

a 

0.3863 

CL 

q 

4.6275 

CM 

q 

-14.05 

— 

— 

% 

e 

0.2222 

X 

-0.7105 

X 

0.0 

CV 

sb 

-0.3857 

CM. 

csb 

0.0879 

X„ 

0.075 

C1 

X6  ' 

-0.229 

% 

0.132 

'  S  ' 

-0.768 

C1 

P 

-0.385 

Cn 

P 

-0.055,  ' 

% 

-0.202 

% 

0.248 

C 

V 

-0.186 

0.380 

C1 

V 

0.0287, 

X 

-O'.  098 

X 

0.226 

C1 

1 6 

w 

0.0372 

Cn 

ns 

w 

0.0024 

X 

-0.0143 

-1 

Note:  Units  are  radians  .  . 


TABLE  C-5 

DIMENSIONAL  INPUT  AND  OUTPUT  MATRIX  COEFFICIENTS 

FOR  F.C.  #1 


X 

u 

-0.0029646 

1/sec 

V 

-4.4499 

1/sec2 

X 

a 

0.53477 

ft/sec2 

deg 

V 

-0.75011 

1/sec 

X  . 

q' 

-0.53477 

f t/sec 
deg 

Lr* 

0.24613 

1/sec 

xe  • 

-0.56146 

ft/sec2 
.  deg 

L^'r 

.701583 

.  .  2 
1/sec 

X*e 

0.011617 

ft /sec 
deg 

V 

w 

0.36464 

1/sec2 

X<5sb 

-0.82712 

ft/sec2 

deg 

V 

1.42597 

1/sec2 

X. 

°T 

0.0495 

ft/sec 

%RPM 

NP’ 

-0.012277 

1/sec 

M  i 
u' 

0.010529 

deg 

ft  (sec) 

Nr ' 

-0.15052 

1/sec 

M  , 

a 

-2.7963 

1/sec2 

V. 

r 

-1.01653 

1/sec2 

M  , 

q  . 

-0.7537 

1/sec 

V 

w 

.020775 

1/sec2 

Me  • 

.00041339 

1/sec2 

V 

-0.076917 

1/sec 

M6  • 

e 

-1.64897 

1/sec2 

V  . 

0.039665 

«■*  mm 

[  0.173339, 

1 / sec  2 

V 

-0.99629 

•m  mm 

sb  . 


191 


TABLE  C-5 — Continued 


Z  , 
u' 

-0.004883 

deg/ft 

V 

-0.54223 

1/sec 

V 

0.992966 

— 

V 

-0.0018099 

1  /  sec 

-0.021319 

1/sec 

e 


YS’ 

r 

0.026647 

1/sec 

V 

w 

-0.000746 

1/sec 

V 

0.04322 

1/sec 

V 

0.031962 

1/sec 

o . 

sb 

Uo 

13.001715 

f t/sec 
deg 

TABLE  C-6 


D> 


DIMENSIONAL  INPUT  AND  OUTPUT  MATRIX  COEFFICIENTS 

FOR  F.C.  #2 


X 

u 

-0.0029479 

1/sec 

L6 ' 

-6.22193 

1/sec 

X 

a 

. 551527 

ft/sec 2 
deg 

S’ 

-0.936318 

1/sec 

V 

-0.56006 

ft/seti 

deg 

Lr' 

0.395991 

1/sec 

V 

-0.56146 

ft/sec2 

deg 

L6  * 

r 

1.10013 

1/sec 

X‘e 

0.010498 

ft/sec2 

deg 

L6 ' 

w 

0.46253 

1/sec 

X6 

dsb 

-0.079813 

f t/sec2 
deg 

V 

1.87524 

1/sec 

X, 

6T 

0.034 

ft/sec 

%REM 

NP’ 

'  -0.012103 

1/sec 

M  , 
u' 

0.0091035 

deg 

ft (sec) 

Nr, 

-0.196469 

1/sec 

Ma  * ' 

-2.40739 

1/sec2 

Vr 

-1.32796 

1/sec' 

Mq ' 

-0.814938 

1/sec 

V 

w 

0.02541 

1/sec 

Mg  , 

0.0004419 

1/sec2 

Y6*' 

-0.078921 

1/sec 

M6 ' 

e 

-0.018616 

1/sec2 

S’ 

0.0399458 

t  0.0273034 

1/sec2 

V 

-0.996444 

— 

sb  • 


TABLE  C-6 — Continued 


Z  , 
u' 

-0.004865 

deg/ft 

V 

r 

0.0273552 

1/sec 

z  , 

a 

-0.477268 

1/sec 

V 

w 

-0.000766 

1/sec 

z  , 

q 

0.993693 

— 

V 

0.041764 

1/sec 

2  6" 

-0.001749 

1/sec 

Vsb 

0.218002 

1/sec 

2  6  ' 

e 

-1.758 

1  /  sec 

Uo 

13.4555 

ft/sec 

deg 

flf' 
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TABLE  C-7 


DIMENSIONAL  INPUT  AND  OUTPUT  MATRIX  COEFFICIENTS 


FOR 

F.C.  #3 

• 

X 

u 

-0.0234233 

1  /  sec 

V  • 

-2.39756 

,  /  2 
1/sec 

X 

a 

0 . 422S202 

.  2 
ft/ sec 

deg 

Lp' 

-1.11861 

1/sec 

X  , 

q 

-0.1660307 

ft /sec 
deg 

Lr' 

0.683  707 

1/sec 

V 

-0.5619546 

ft /sec2 
deg 

V 

r 

0.335391 

1/sec 

0.0064484 

ft/sec2 

deg 

L6  ’ 

w 

0.379249 

i  /  2 

1/sec 

X- 
c  , 
sb 

-0.063125 

f t/sec2 
deg 

L3*  . 

0.588344 

1/sec2 

X  - 
CT 

0.1268 

,  2 
ft/sec 

NP' 

-0.085262 

1/sec2 

M  , 
u’ 

0 i 0318452 

deg 

'  Nr’ 

-0.238751 

1/sec 

ft (sec ) 

Ma ' 

-1. 07422 

1/sec^ 

N,,  . 

T  r 

-0.465479 

1/sec2 

Mq' 

-1.09229 

1/sfec 

N6 ' 

w 

0.0190316 

1/sec2 

Me, 

-0.000074 

1/sec2 

v 

-0.129778 

1/  sec 

Mc  * 

e 

-0.92184 

1/sec2 

Yp' 

0.0316453 

M6 '  . 
sb 

0.095412 

1/sec2 

V 

-0.982538 

• 

TABLE  C-7 — Continued 


Z  , 
u ' 

-0.0591737 

deg /ft 

0.03819 

1/sec 

z  , 

-0.778653 

1/sec 

-0.002421 

1/sec 

zq’ 

0.966486 

— 

V  ; 

0.1370213 

1/sec 

ze- 

0.000239 

1/sec 

Zj’sb 

0.064588 

1/sec 

Z;, 

O’ 

-0.037515 

1/sec 

Uo 

4.101222 

ift/sec 

deg 

Body  Bending  Modes 

To  eliminate  the  rigid  body  assumption  stated  in 
Chapter  I,  the  elastic  mode  information  is  taken  from 
Reference  7.  The  first  and  second  body  bending  modes  are 
included  in  the  design  for  a  longitudinal  controller.  The 
following  equations  and  matrices  (7)  are  used  in  the  devel¬ 
opment  of  the  elastic  model  for  the  longitudinal  plane: 


u.ny  +  (125.  Is]  ♦  0ovo[c.  my 

s 

+  '<-2n  V  +  ‘oVo  ICc  >’<=.»'■ 
s  s 

-°o  vl  +  ,Ca'“  +  IC6j!e  +  ,C6  J  sp» 

.  e  sp 

+  <c„  >0 
9  9 


( C—  71) 


{Z}  =  icnz]{ss} 


(C-72 ) 


{0}  =  lC§){es> 


(C-73) 


where: 


=  Mass  moment  of  inertia,  slug — in. 
=  Elastic  mode  displacement,  in. 

=  Viscous  damping  factor. 

=  Frequency,  rad/sec. 

2  4 

=  Air  density,  lb-sec  /in. 

=  True  airspeed,  ih/sec. 


> 


C  -  Derivative  for  structural  modes. 


Z  =  Vertical  acceleration,  up  pos.,  g. 

:  0  =  Pitch  acceleration  nose  up  pos. ,  rad/sec. 

q  =  Pitch  rate,  rad/ sec  x  ,  nose  up  pos. 

a  =  Angle  of  attack,  wind  from  below  pos., 
radians . 

6  =  Elevator  displacement,  T.E.  down  pos., 

e  radians. 

6  =  Spoiler  displacement,  (L  +  R)/2,  R. 

p  spoiler  up  pos.  ,  radians. 

=  Vertical  gust  angle,  from  below  pos.,  radians- 


For  aircraft  gross  weight  of  120,000  pounds  (used  for 
F.C.'s  #1  and  #2)  the  given  data  in  matrix  form  is: 


15.12 

0 

0 

• 

11.44 

I  = 

0 

101.5 

0 

;  wn  » 

23.41 

0 

0 

15.87 

17.94 

—  '  — 

.02 

7.42,5  (10)  *" 

.02 

;  c 

3.617  (10) 4 

a 

.02 

■ 

6 . 363  (10) 4 

5.970(10)*" 
-7.664  (10) 4 
4.174  (.10)  4 


(C-74). 


(C-75) 


(C-76) 
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2.118  (10) 


c-  = 


c.  = 


6.709(10) 
*3.899(10) 
5.753 (10) 


27.92 

36.65 

-16.02 


1  5.561  (10) 

1  9.183  (10)  4 

'  6.461  (10) 3 

270.5  -6.1  .68 

-175.8  -131.8 

19.10  256.6 


-r6. 194  (10) 
6.793(10) 


(C-77) 


(C-78) 


nz 


-1.430  (10) 4 

0.0 

-1 . 583  (10) 4 
4. 027  (10) 4 

;  C6  ~ 
sp 

0.0 

0.0 

2.618  (10T4 

1.764  (10T3 

-1. 

2.469  (10T4 

5.952  (10T4 

-3. 

2.578  (10T4 

2.165  (10T4 

4. 

3.992 (10T4 

2.086  ( 1 0T 4 

1. 

5.024 (10T4 

4.141 (10T4 

-4. 

(C-79) 


7.348  (10) 
3.574  (10) 
6.236(10) 


))3 

)T5 

)T4 

>>4 

vr4 


BS  =  194.5 
BS  =584.2 
BS  =  855.6 
BS  =  1321.0 
BS  =  1504.5 

(C-80) 

(C-81 ) 


*Note:  BS  =  Body  Station, 
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BS  =  194.5 


-1.358  (10) 4 

0.0 

-2.629  (10) 4 

»  C  jf  — 

0.0 

4 

~sp 

4.781(10)* 

1 

0.0 

8 . 309  (10)  4 
1.809  (10) 3 
8.594 (10 ) 4 


(C-87) 


(088) 


nz 


2.300  (10T5 

1.592 (10T3 

-3.246 (10T3 

BS 

=  194.5 

1.107  (loT4 

4.018 (10T4 

-1.444  (10T4 

BS 

=  584.2 

1.772 (10T4 

3.072 (10T5 

2.583 (10T4 

BS 

=  855.6 

3.784  (10T4 

2.087 ( 1 OT  4 

-2.049  ( 1 OT 4 

BS 

«  1321.0 

4.863  (10T4 

5.600 (10T4 

-9.129 (10l4| 

BS 

1504.6 

(089) 


-8. 

.642 

(10j5 

l. 

,  288 

(ioT 3 

-l. 

,180 

(ioT 3 

BS 

=  194.5, 

-8. 

.873 

(ioT5 

8. 

,  307 

(ioT4 

-8. 

,143 

(ioT4 

BS 

-  584.2 

-1. 

,15.9 

(ioT4 

2. 

,467 

(10f4 

-2. 

,827 

(ioT4 

BS 

=  855.6 

-2. 

,099 

(ioT4 

-5. 

,501 

(ioT4 

1. 

,125 

(ioT4 

BS 

=  1321.0 

-2. 

,420 

(ioT4 

i-9 . 

,325 

(ioT4 

1. 

,  866 

(ioT4 

BS 

=  1504.0 

(090) 


It  is  to  be  noted  that  the  above  matrices  are  for 
the  first,  second,  and  third  bending  modes  and  there  is 
coupling  between  modes  as  can  be  seen  from  the  nond’ agonal 
matrices.  However,  for  this  thesis  it  is  assumed  that 
there  is  no  cross  coupling  between  the  first  and  second 


tody  bending  inodes.  Also,  the  units  are  converted  by  the 
author  to  correspond  to  the  units  of  the  rigid  aircrafc 
equations.  The  elastic  equations  of  motion  for  the  longi¬ 
tudinal  mode  are: 

F.C.  #1: 

First  Body  Bending  Mode: 

e  +  1 . 318e  +  134.074e  =  -119. 45q  -  148.56a  +  28.612;e  (C-91) 
Second  Body  Bending  Mode: 

e  +  1 . 112e  +  545.026e  =  22.843q  -  10.781a  +  5.523;  (C-92) 

F.C.  #2: 

First  Body  Bendinrr  Mode: 

e  +  1 .  '8  4  8  e  +  93.164e  =  -268.953q  -  299^816a  +  48. 456ce  (C-93) 
Second  Body  Bending  Mode: 

e  +  1.196e  +  517.212e  =  147 . 744q  -  1 . 269a  +  15.783;e  (C-94) 

F.C.  #3: 

First  Body  Bending  Mode: 

e  +  1.893e  +  13l.014e  =  -62.847q  -78.164a  +'i5.0546  (C-95). 

Second  Body  Bending  Mode: 

e  +  1 . 229e  +  547. 77e  =  12.019q  -  5.672a  +  2.906fe  <C-96) 

Using  Equations  (C-72)  and  (C-73)  the  body  bending 
modes  are  converted  to  the  desired  matrix  form,  which  is 
in  an  equivalent  form  as  the  equation  for  che  rigid  air¬ 
craft.  •  The' final  form  is: 


* 


a  /:  • 

l 


i 


Where  for  F.C.  #1: 

a  »  -0.0769S2  -  (0.00023/A  +  0.000113/A)S 
b  =  (1  +  0.00241/A  -  0 . 0031/B) S  +  0.00299/A  +  0.0031/B 
c  =  -(0.00022/A  +  0 . 00106 /B) $ 

d  =  S2  +  (0.0023/A  -  0.02912/B)S  +  0.00286/A+ 0.0137/A 
e  =  0. 000576 /A  +  0.000749/B 
f  =  0.00055/A  +  0 . 0  0704 /B 
A  =  S2  +  1.318S  +  134.074 
B  =  S2  +  1 . 112£  +  545.026 
For  F.C.  #2: 

a  =  -0.0743S2  -  (0.000038/A  +  0.000011/B)S 
b  «  (1  +  0.00046/A  *  0;01748/B)'S  +  0.0005i/A  +  0.0015/B 
c  *  (0.00189/A  -  0 . 000121/B) S 

d  =  S2  *  (0.02276/A  +  0 . 1903/B) S  -  0.02537/A  +  0.00163/B 

r  ' 

e  «  0.000083/A  +  0.00187,/B 


\ 
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f  =  -0.0041/A  +  0.0203/B 
A  =  S2  +  1.848S  +  93.164 
B  =  S2  +  1.196S  +  517.212 

For  F.C.  #3: 

a  =  -0.2438S2  -  (0.00122/A  +  0,00059/A)S 
b  =  (1,  +  0.00401/A  -  0 . 00517/B)  S  +  0.00499/A  +  0.00244/B 
c  =  -  (0.000366/A  +  0 . 00178/B) S 

d  =  S2  +  (0.00121/A  -  0 . 01548/B) S  +  0.0015/A  +  0.00731/B 

e  *  0.000961/A  +  0.00125/B 

f  =  0.00C29/A  +  0.00374/B 

A  =  (S2  +  1.893S  +  131.014) 

B  =  (S2  +  1.229S  +  547.77) 

The  above  bending  mode  equations  are  developed  for 
body  station  194.5  which  is  located  at  the  pilot/copilot 
area. 

Summary 

This  appendix  summarizes  the  KC-135  aircraft.  1  Sign 
convention  is  highlighted  and  the  nondimensionai  stability 
axis  derivatives  are  converted  to  the  dimensional  body 
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axis  derivatives  using  a  computer  program  described  in 
Reference  2.  Tabular  listings  of  all  deviations  are  given 
for  each  of  the  three  flight  conditions  studied.  The 
development  of  the  body  bending  modes  is  highlighted  with 
conversion  to  a  form  comparable  with  the  rigid  longitudinal 
equations.  These  equations  are  to  be  used  in  the  longi¬ 
tudinal  design  (Chapter  V) . 


<vf 
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Appendix  D:  Sample  Run  of  CAT  Program 

COHHAND-  ATTACH, CA7l,ID*T8II3A4 

m  is 

CATl 

AT  CY*  Ml  Sf*AFIT 
COWIAND-  UTl 

hwwhmhhwhhwwhwhwiwhhhhhi 
h#*m«  MIS  TRANSFOAHATION  PROSCAN  iwmhhhh 
WHHHWtWtmHHWHHWHHIWHHIItHHH 
£X7Sl  STABILITY  AXIS  COEFFICIENTS  FOR  TRANSFORRATION 
TO  BODY  MIS.  TRW  ALPHA  IS  REDO  FOR  CONVERSION. 

HOHOIT  COEFFICIENTS  AND  SIDEFORCE  COEFFICIEXTS  NOT 
REQUESTED  RENAIH  UNCHANGED. 

NOTE:  ALL  COEFFICIENTS  ARE  REQUESTED  NHEN  C0HPUTIN6 
SIHENSIONAL  DERIVATIVES. 

IHHtHHHHHmmHHmtWHIHHKIHHHM 
TO  TRANSFORH  ONLY  LONGITUDINAL  DATA  -  TYPE  LONS 
TO  TRANSFORH  ONLY  LATERAL-DIRECTIONAL  DATA  -  TYPE  IAT 
TO  TRANSFORH  BOTH  LONS  AMD  LAT-DIR  DATA  -  TYTE  BOTH 
KEYNORD  >B0TN 

ARE  DIMENSIONAL  BODY  AXIS  DERIVATIVES  REQUIRED  ?  f YES/NO J YES 

HHHHHIHIHHItmtfHWtiNIMIHHIMitHW 
Q  (DYNAHIC  PRESSURE  -  LSS/FT2)  *124,8 

S  (BINS  REFERENCE  AREA  -  FT2)  *2435 

C  (BINS  HEAR  AERODYNAHIC  CORD  -  FT)  *21.14 

,  B  (BINS  SPAN  -  FT)  *131.83 

VT  (TRIH  VELOCITY  -  FT/SEC)  *743 

THETA  (PITCH  AN8LE  -  DESS)  *2.4  , 

B  (BEISHT  •  US)  *13MII 

INERTIAS  HUST  BE  INPUT  IN  BODY  AXIS. 

HI  (SLU6-FT2)  *2131111 

IYY  (SLUG-FT2)  >244MM  . 

(II  (SLUS-FT2!  *434IMI 

I«  (SLU8-FT2)  »• 


AIRCRAFT  PARAMETERS 

B  (DYNAMIC  PRESSURE  *  US/FT2)  «  124.811 

S  (KINS  REFERENCE  AREA  -  FT2)  >  2433.11 
C  (MINS  MEAN  AERODYNAMIC  CORD  -  FT)  •  21.1414 

I  (MINS  SPAN  -  FT!  -  .131.831 
VT  (TRIM  VELOCITY  FT/SEC)  «  743.  HI 

THETA  >  2.4HH 

»  (MEIBHT  -  US)  •  13HH. 

Ill  (SLU8-FT2)  •  .  .2f3HIE<47 
m  (SUJ6-FT2)  •  J44IME+I7 
!ZZ  (SUJ8*fT2)  *  .434CIK+I7 

III  (SLU6-FT2)  *  f. 

IS  THE  ENTERED  DATA  CORRECT  ?  (YES/W)  YES 


ALPHA  (DES)  >2.4 
a  >.4241 
CLA  (1/DES)  >.H3 
ODE  (1/DES)  >.H3A8f 
OOF  (1/DEB)  «-.N5347 
ag  (1/RAD)  >3.1343 
CLAD  (1/RAD)  «# 
au  (1/lFT/SEC))  •# 

CD  >.124# 

CM  (1/DES)  >.M42!I 
CODE  (1/DES)  >1 
CDDf  (1/DES)  >.MHA74 
CDU  (1/ (FT/SEC))  »• 

DIM 

CM  (1/DES)  >-.1213 
ODE  (1/DES)  ».ili4 
CMOF  (1/0E6)  >.HI247 
CMS  (1/RAO)  >-13.43 
CHAD  (1/RAO)  >-4.7T 
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CM)  ( 1 / (FT/SEC) )  «8 


rir 


D« 


HHtHHtHtHHHHHHHHHtHHHHilltHIHHIilHHtHHHmiHHt 


UM6ITU0INAL  STABILITY  AXIS  COEFFICIEXTS 


ALPHA  > 

2.4MM 

CL  • 

.426888 

CX  > 

1. 

CO  • 

.248888C-81 

CXJA  > 

. 93888 8E-41 

CM  « 

-.283808E-81 

CBA  • 

,4218l«E*f2 

clde  • 

.348988E-82 

ODE  • 

~.1148B8E-#i 

CODE  • 

1. 

CLDF  ■ 

-.33A788E-82 

CXDF  « 

•124788E-82 

CDDF  ■ 

.I474IIE'«3 

OS  * 

3.15451 

CM  > 

*15.  ASM 

CLAD  • 

f. 

CHAD  • 

-4.798M 

CLU  > 

1. 

01)  « 

1. 

C34J  • 

1. 

HHIHHHWWfWHWHWWHHHHMMHWWWHMMHWHHmWHW 

IS  THE  EXTCRCD  DATA  CORRECT  ?  (YES/X0)YES 


HitmWHmOHNHmHHHHHHHHWtHfmmiHHHftWIHHH 


LOIR  I  TUB  I  HAL  M0Y  AXIS  CKFFICIEXTS  11/tAO) 


CZ  « 

-.424431 

CX  • 

-.413992E-I2 

CZA  • 

-5.37114 

CM  >  -1.17333 

CIA  > 

.487432 

C7DE  « 

-.211179 

CXDE  ■ 

.883I81E-82 

CZDF  • 

.314415 

CXDF  > 

-.A38117E-81 

CZ8  > 

-5. 14993 

cxa  > 

.215848 

CZAO  • 

1. 

CHAD  >  -4.78484 

a  ad  > 

8. 

CZU  • 

-.428894 

OR)  •  .49183AE-81 

cxu* 

-.293471E-81 

HWWWMMWWHHWWWrtHHIWIMHWHHHMHHMHIHtWHHHI 

LOW  BODY  AXIS  DINEXSIOML  DERIVATIVES 

Z  • 

-129542. 

X  •  8. 

X  » 

-1844.32 

ZA  • 

-483.958 

M  •  -2.92817 

XA  > 

38.4423 

ZDE  • 

•13.8823 

ME  »  -1.45384 

XSE  » 

.443473 

ZDF  • 

23.8113 

IBF  »  .188439 

IDF  - 

-4.73984 

za  • 

-3.24857 

M  ■  -.524983 

10  • 

.219443 

ZAD  * 

8. 

MD  *  -.221483 

LAO  * 

8. 

ZU  ■ 

-.434878E-I1 

W  *  .1A4283E-83 

XU  » 

-.294443E-82 

HHHHHHHttHtfttltHHHHHIlHHHMMHHHMHHHHHHHtlHH 


LOW  BODY  AXIS  PAIRED  D I  HO  SB  HAL  DERIVATIVES 


ZA'  • 

-.342223 

M'  •  -2.79432 

XA*  » 

38.4423 

IDE’  • 

-.213188E-81 

ME’  ■  -1.44897 

IDE'  • 

.443673 

ZDF’  • 

.319417E-81 

RDF’  •  .173339 

IDF’  • 

-4.73984  1 

Z8’  • 

.992964 

W*  ■  -.733781 

19*  • 

-38.9848 

,  ZU’  • 

-.832184E-84 

HU'  •  .183748E-83 

XU*  • 

-.296443E-82 

ZTHETA’ 

•  -.188993E-82 

HTHETA'  *  .41339 AC-43 

ITWTA' 

•  -32.1718 

CXI  (I/DCS)  •. 882897  f- 


CXP  (1/RAO)  «-.»85 


CXR  (1/RAD)  »-.l94 
CXDR  (1/OCS)  *r.M1972 
CXDA  (1/DCS)  *.118826 
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CMDT  (1/KB)  ■< 


CXflC  (1/K6)  »4 
Of  (1/DEB)  -.4438* 
d F  (1/RAD)  •-.4331 
CLt  (1/RM)  -.133 
CUR  (l/BEB)  •.44434*7 
OJA  (1/KB)  •.mint 
CUNT  (1/KB)  «4 
CLDC  (1/KB)  •# 

CTI  (1/K6)  •-.1132*8 
CTF  (1/RAO)  -.233 
CYR  (1/RAO)  «.42f 
CTDA  (1/066)  >.444447 
CYM  (1/KB)  -.44412* 
CTOOT  (1/066)  »4 
croc  (t/KB)  •# 


HWHWHWHHWWWmiWIWWWWWWHWIWWMWIWWWH 


IAT-0IR  STA1ILITY  AXIS  CKFFICIEXTS 

OB  « 

.28*7446-12 

Of  •  -.38*4446-42 

CT8  ■  -.132*846-41 

OP  • 

-.3444446-42 

CLP  *  -.433144, 

CTF  •  -.233444 

CM  ■ 

-.1*4444 

OR  •  .133144 

CTR  •  .428444 

DIOR  • 

-. 1*72186-12 

OOR  •  .34*7446-43 

CTO*  •  . 4447446-42 

CXOA  • 

.2444446-44 

ELBA  •  .32*6446-43 

CTDA  •  -.12*4446-43 

CMDT  • 

1. 

□JOT  •  4. 

CTOOT  •  4. 

CMC  • 

1. 

OOC  •  4. 

CTOC  »  4. 

HHHHHHIMHHHHIHHHIHHHMHIWIHHMHHHtMtHHmtHM 

11  THE  QITEA6D  DATA  CORRECT  ?  (YES/K)Y6S 

<HM  WtHIMHHMHMHHHHMHWWHHHWHHtHMMWHHHtH 

LAT-IIR  MOT  A11S  CKFFICIEXTS 

CM  • 

,134317 

OJ  •  -.22*434 

CTI  •  -.741*1* 

CM  • 

-.1334426-41 

OF  •  -.444853 

CTF  •  -.234718 

CM  • 

-.181147 

CU  •  .144434 

CTR  *  .417848 

CSDA  • 

-.**4**26-41 

OOR  •  .31*4146-41 

CTOR  •  .243942 

CMA  • 

.227*476-42 

CLOA  •  .1881726-41 

CTDA  •  -.73*1146-42 

CMOT  • 

4. 

CLODT  •  4. 

CTOOT  •  4. 

209 


CNOC  * 

1. 

CLDC  * 

1. 

CYDC  * 

9. 

'  LAT-DIR  BODY  AXIS  DIMENSIONAL  DERIVATIVES 

Nl  < 

X.42397 

LI  * 

-4.44991 

Y1  « 

-57.3931 

NP  » 

-.122772E-I1 

IP  • 

-.731111 

YP  « 

-1.43349 

NR  * 

*.191321 

LR  * 

.244129 

YR  « 

2.73949 

NOR  * 

-.9*8384 

LOR  * 

.419953 

YDR  • 

19.9323 

ISA  « 

.2f7796E*91 

UA  • 

.344441 

YSA  ■ 

-.333991 

MOOT  • 

1. 

LOST  > 

1. 

YHT  « 

f. 

NSC  ■ 

f. 

LOC  • 

1. 

TOC  • 

1. 

LAT-IIR  MDT  AXIS  NINES  DINENSIONAL  DERIVATIVES 


KB’  « 

1.42397 

LI’  • 

-4.44999 

Yl*  • 

-.749149E-91 

IP’  * 

-.122772E-I1 

LP*  • 

-.739111 

YP*  ■ 

.394433E-91 

NR’  • 

-.159521 

LR*  > 

.244129 

YT  ■ 

-.994296 

NOR’  > 

-.998394 

LOR’  » 

.418933 

YOR’  » 

.244473E-91 

NDA’  • 

.297794E-91 

LflA’  • 

.344441 

YOA*  » 

-.744149E-93 

NDOT’  » 

9. 

LOOT’  » 

9. 

YODT*  • 

9. 

HOC’  * 

9. 

LDC’  « 

9. 

YDC’  » 

9. 

IS  ANOTHER  PROGRAM  RUN  DESIRES  ?  (YES/NO) NO 


END  CAT 

924399  NAXIHUH  EXECUTION  a. 

1.312  CP  SECONDS  EXECUTION  TINE. 


Introduction 


This  appendix  outlines  the  response  models  devel¬ 
oped  for  each  of  the  maneuvers  in  the  lateral  design  of  a 
robust  controller.  These  models  are  developed  using 
Reference  2  as  a  guide.  Also  the  required  2x2  equation 
for  F.C.'s  #2  and  #3  are  included  and,  finally,  the 
required  templates  for  the  design  of  loops  one  and  two  are 
shown. 

Re sponse  Models — Bank  Angle  Command 

The  upper  bound  or  optimal  response , selected  for 
the  bank  angle  response  is  a  settling  time  of  approximately 
5  seconds  for  a  30  degree  command  input.  The  derived 
equation  for  this  bound  is: 

h  ss  - _ _ -  (E-l) 

The  time  domain  specification  for  this  model  is  given  in 
Table  E-l.  The  log  magnitude  of  b^  over  th6  frequency  of 
interest  is  shown  in  Table  E-2. 

The  worst  acceptable  response  for  a  30  degree 
bank  angle  command  is  selected  as  having  a  settling  time  of 
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TABLE  E-l 


bxl — TIME  DOMAIN  SPECIFICATION 


Rise  time  =  2.29  seconds 

Settling  time  =  4.24  seconds 

Peak  value  =  30'.  0 

Final  value  =  30.0 

TABLE 

E-2 

LOG  MAGNITUDE — b^ 

Frequency 

Magnitude 

Frequency 

Magnitude 

(Rad/Sec) 

(db) 

(Rad/Sec) 

(db) 

0.1 

-0.045 

10 

1 

u 

o 

• 

o 

0 . 2 

-0.179 

20 

-45.3 

0 . 5 

-1.02 

50 

••68.2 

1.0 

-3.22 

100 

1 

00 

<J\ 

• 

2.0 

1 

00 

o 

200 

.  '-104 

5.0 

-18.1 

500 

-128 

approximately  10  seconds.  The 

derived  equation 

for  this 

bound  is: 

• 

25.0 

<  P-  0  \ 

all  (s  +  .  5)  (s  + 

1) (s  +  5) (s  +  10) 

The  time  domain  specification 

for  this  model  is 

given  in 

Table  £-3. 

r 

The  log  magnitude 

of  a^  over  the  fr 

-'quency 

of  interest 

is  shown  in  Table 

E-4 . 
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TABLE  E-3 


axl — TIME  DOMAIN  SPECIFICATIONS 


Rise  time  =  5.21  seconds 
Settling  time  =  9.51  seconds 
Peak  value  =  30.0 
Final  value  =  30.0 


TABLE  E-4 
LOG  MAGNITUDE — a,, 

X  1 


Frequency 

(Rad/Sec) 

Magnitude 

(db) 

Frequency 

(Rad/Sec) 

Magnitude 

(db) 

O.l' 

-0.216 

10 

.  -56.1 

0.2 

-0.824 

20 

-77.4 

0.5 

-4.03 

50 

-108 

l.C 

-10.2 

100 

'  -132 

2.0 

-20.1 

200 

-156 

,5.0  • 

-38.2 

500 

-188 

The  upper  bound  or 

maximum  acceptab] 

e  response  for 

the  sideslip  response  due  to  a  bank  angle  c 
peak  value  of  1  degree  which  settles  to  zerc^ 
equation  for  this  bound  is: 


pmmand  is  a 

The  derived 


1.859  s(s  +  5) 


'12 


<s  +  .  5)  (s  +  1.3)  (s  +  20) 
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(E-3) 
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The  time  domain  specification  model  is  given  in  Table  E-5 
The  log  magnitude  of  b^2  over  the  frequency  of  interest 
is  shown  in  Table  E-6. 

A  plot  of  log  magnitude  vs  frequency  for  each  of 
the  response  models  is  shown  in  Figure  E-l. 

TABLE  E-5 

b12— TIME  DOMAIN  SPECIFICATIONS 


Settling  time  =  15  seconds 

Time  to  peak  =  1  second 

Peak  value  =  1.0 

Final  value  =  0.0 

■ 

TABLE  E-6 

LOG  MAGNITUDE — b12 

' 

Frequency 

Magnitude 

Frequency 

Magnitude 

(Rad/Sec) 

(db) 

(Rad/Sec) 

(db) 

0.1  • 

-23.1 

■10  •  "  . 

-20.7 

0.2 

-17.6 

20 

-23.4 

0.5 

-12.5 

50 

-29.2 

1.0 

-11.8 

100  . 

00 

• 

n 

I 

2.0 

-13.9 

200 

-40.8 

5.0 

-18.2 

500 

-48.6 
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Fig.  E-l.  Frequency  Response — a^  ,  b^  and  b12 


Re sponse  Model~.~Sideslip  Convmand 

The  upper  bound'  or  optimal  response  selected  on 
the  sideslip  response  is  a  settling  time  of  approximately  9 
seconds  ior  a  5  degree  command  input.  The  derived  equation 
for  this  bound  is 


2. 25 

>22  *  Ts“+  .45)  (s  t  5) 


(E-4) 


The  time  domain  specifications  for  this  model  are  given 
in  Table  E-7.  The  log  magnitude  of  b22  over  the  frequency 
of  interest  is  shpwn  in  Table  E-8. 
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TABLE  E-7 


- 

b  22 — TIME  DOMAIN 

SPECIFICATIONS 

Rise , time  =  4.91  seconds 

Settling  time  = 

8.90  seconds 

Peak  value  =  5. 

0 

Final  value  =  5 

.0  , 

■ 

TABLE 

E-8 

■ 

LOG  MAGNITUDE — b^ 

Frequency 

Magnitude 

Frequency 

Magnitude 

(Rad/Sec) 

(db) 

(Rad /Sec) 

(db) 

0.1 

-0.211 

10 

-33.9 

0.2 

-0.790 

20 

-45.3 

0.5 

-3.54 

50 

-61.0 

1.0 

-7.91  , 

100 

-73.0 

2.0 

-13.8 

200 

-85.0 

5.0 

-24.0 

500 

-100.0 

The  worst  acceptable  response  for  a  5. degree  side¬ 
slip  .command  is  selected  as  having  a  settling  time  of 
approximately  15  seconds.  The  derived  equation  for  this 
bound  is: 


The  time  domain  specifications  for  this  model  are  given 
in  Table  E-9.  The  log  magnitude  of  a22  over  the  frequency 
of  interest  is  shown  in  Table  E-10. 


TABLE  E-9 

a  22~-TIME  DOMAIN  SPECIFICATIONS 


■ 

Rise  time  =  7. 

Settling  ti,me 

Peak  ,value  =  5 

Final  value  = 

87  seconds 

=  14.4  seconds 

.0 

5.0 

■  TABLE  E-10 

LOG  MAGNITUDE— a22 

Frequency 

Magnitude 

Frequency 

Magnitude 

(Rad/Sec 

(db) 

(Rad/Sec) 

(db) 

0.1 

-0.503 

10 

-57.5 

0.2 

-0.77 

20 

-74.8 

0.5  ' 

-6.78 

50 

-98.5 

1.0 

-14.0 

100 

-116.0 

2.0 

-24.2 

200 

-134.0 

5.0 

-41.6 

500 

-152-0 
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The  upper  and  lower  bounds  or  maximum  acceptable 
response  for  bank  angle  response  due  to  a  sideslip  command 
is  a  peak  value  of  2  degrees  which  settles  to  zero.  The 
derived  equation  for  this  bound  is: 


.  7643  (s)  (s  +  6) 

21.  (s  +  .5)  (s  +  2.3)  (s  +  20) 


(E-6 ) 


The  time  domain  specifications  for  this  model  are  given 
in  Table  E-ll.  The  log  magnitude  of  b2^  over  the  frequency 
of  interest  is  shown  in  Table  E-12. 

A  plot  of  log  magnitude  vs  frequency  for  each  of 
the  response  models  is  shown  in  Figure  E-2. 


TABLE  E-ll 

b2l'_TIME  D0MAIN  SPECIFICATIONS 

Time  to  peak  =  .681  seconds 
Settling  time  =  20  seconds 
Peak  value  =  2,. 0 
Final  value  =0.0 


tlACN !  ruot  (Otrifitl  S  I 
ec  co  -^j.ro  -jo  cc  -i,  co  ^o  co 


Frequency 
(Rad/Sec ) 


Magnitude 

<db) 


Frequency 

(Rad/Sec) 


Magnitude 

(db) 


Equations  for  F . C . 1 s  #2  and  #3 

The  required  equations  for  F.C.  #2  and  F.C.  #3  are: 

ip  =  —99^-44 s  [(.  0399458s  +  .04176)0  -  (s  +  .07625)2 

-  .0076555  +  .02735526  ]  (E-7) 

w  r 

(s2  +  .  920643s  -  .  016597) 0  +  (.  3974s  +  6.25223)2  . 

=  .462236  +  1.1116  (E-8) 

w  r  • 

(.0399466s2  +  .  06167s+  .00821)0  -  (s2  +  .272719s  +  1.88358)8 

=  (.0007655s  +  .02547)6  -  (. 0273552s  +  1. 3286) £  (E-9) 

w  r 

and  in  matrix  form 


(s2+. 920643s-. 016597)  (. 3974s+6. 25223) 

(.  0399458s2  +  .06167s+.  00821)  -  (s2+.  272719s+l.  88358) 


<f> 

2 


.  46223 

.0007655s  +  .02547 


1.111 

-.0273552s 


6 

w 

1.3286 

J 

_5r_ 

(E-10 ) 


F.C.  #3: 

ip.  =  ~ 982 '538s  ((-0316453s  +  .1370213)0  -  (s  +  .129778)8 

-.00242076  +  .038196  ]  (E-ll) 

w  r 
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(s2  +  1.11801s  -  .0954  8)  $  +  (.  69382s,  +  2.4876)6 

.377576  =  .361896  (E-12) 

w  r 

(.0316453s2  +  .22835s  +  .03271)4)  -  (s2  +  .36853s  +  .60905)6 

=  (.0024207s  +  .01926)  6w  -  (..03819s  +  .46618)or 

(E-13) 

and  in  matrix  form 

(s2+l. 11801s-. 09548)  (.69382s  +  2.4 

(. 0 316453s2+ . 22 835s+ . 03271)  -  (s2+. 36853s+. 

.37757  '  .36189 

.0024207s  +  .01926  -.03819s  -  .46618 

Templates 

The  templates  for  are  shown  in  Figure  E-3  and 

the  templates  for  q^le  are  shown  in  Figure  E-4. 

Summary 

This  appendix  outlines  the  response  model  developed 
for  the  lateral  design.  One  set  of  models  is  for  the  com¬ 
manded  bank  angle  maneuver  while  the  second  set  of  models 
is  for  the  commanded  sideslip  maneuver.  Also  included  are 
the  required  lateral  equations  for  FC  #2  and  #3  and, 
finally,  the  templates  used  in  the  design  are  shown. 
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Appendix  F:  The  3x3  Design  Data 
and  Response  Mode  Is 

Introduction 

This  appendix  contains  the  required  data  for  the 
design  of  the  Longitudinal  3x3  MIMO  System.  This  data  is 
obtained  using  the  computer  programs  listed  in  Reference  19. 
The  first  set  of  data  is  for  the  rigid  aircraft  while  the 
second  set  of  data  is  for  the  rigid  aircraft  plus  the 
first  and  second  body  bending  modes.  Also  included  are  the 
3x3  equations  of  the  rigid  aircraft  for  F.C.’s  #2  and  #3. 

The  next  section  contains  the  derived  time  domain  specifica¬ 
tions  for  the  pitch  pointing  maneuver  and,  finally,  the 
templates  of  q^,  q22  and  g33  ^or  ^oth  tlie  ri9id  and  non- 
rigid  aircraft  are  included. 

■Rigid  Aircraft  Data 

The  data  listed  in  Tables  F-l  through  F-10  is  only 
given  over  the  desired  frequency  of  interest.  Each  table 
gives  the  magnitude  of  the  desired  q^^  for  each  of  the  three 
F.C.'s.  For  each  q^,  ^22  anc*  ^33  ma9nitude  and  phase 
are  given.  Phase  angle  is  given  in  degrees. 


TABLE  F-l 


MAGNITUDE  (db)  AND  PHASE  (Deg) — q  x 


Frequency 

(Rad/Sec) 

F.C. 

#1 

F.C. 

#2  ' 

F.C. 

#3 

Mag 

Phase 

Mag 

Phase 

Mag 

Phase 

0.01 

82.49 

-291.7 

63.73 

-273.2 

73.23 

-281.0 

0.1 

51.04 

-345.5 

42.53 

-299.6 

46.61 

-332.8 

0.2 

39.21 

-352.7 

34.13 

-318.6 

35.31 

-345.6 

0.5 

23.35 

-357.0 

20.20 

-340.6 

19.62 

-345.1 

1.0 

11.32 

-358.5 

8.535 

-350.0 

7.616 

-357.1 

2.0 

0.7195 

'  -359.3 

-3.407 

-355.5 

-4.4.16 

-358.5 

5.0 

-16.64 

-359.7 

-19.30 

-358.0 

-20.23 

-359.4 

10. o' 

-28.68 

-359.9 

-31.33 

-359.0 

-32.37 

-359.7 

20.0 

-40.72 

-359.8 

-43.37 

-359.5 

-44.41 

-359.9 

50.0 

•  -56.64 

-360.0 

-59.29 

-359.8 

-60.33 

-359.9 

100.0 

-68.68 

-360.0  , 

-71.33 

-359.9 

-72.37 

-360.0 

200.0 

-80.72 

-360.0 

-83.37 

-359.9 

-84.41 

-360.0 

500.0 

-96.64 

-360.0 

-99.29 

-360.0 

-100.3 

360.0 

TABLE  F-2 


MAGNITUDE 

<db) — q12 

Frequency 

(Rad/Sec) 

F.C.  "1 

F.C.  #2 

F.C.  #3 

0.01 

20.20 

1.106 

21.10 

0.1 

18.86 

1.033 ' 

16.16 

0.2 

16.20 

.817 

11.21 

0.5 

9.123 

-.5276 

2.983 

i.O 

1.018 

-3.946 

-4.755 

2.0 

-9.135 

-10.87 

-14.46 

5.0 

-24.38 

-24.39 

-29.41 

10.0 

-36.32 

-36.01 

-41.30 

20.0 

-48.34 

-47.94 

-53. 30 

50.0 

-64.25  , 

-63.83 

-69.21 

100.0 

,  -76.29 

-75.87 

-81.25 

200.0 

788.33 

-87.91 

-93.29 

5Q0.0 

-104.2 

-103.8 

-109.2 

TABEE  F-3 


MAGNITUDE  (db) — q  3 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

F.C.  #3 

0.01 

32.34 

30.47 

17.23 

0.1 

32.34 

30.47 

17.23 

0.2 

32.34 

30.47 

17.23 

0.5 

32.34 

30.47 

17.23 

1.0 

32.34 

30.47 

17.23 

2.0 

32.34 

30.47 

17.23 

'5.0 

32.34 

30.47 

17.23 

10.0 

32.34 

30.47 

17.2  3  • 

20.0 

32.34 

30.47 

17.23 

59.O 

32.34 

.  30.47 

17.23 

100. 0 

32.34 

30.47 

17.23 

200.0 

32.34 

30.47 

17.23 

500.0 

.  32.34 

30.47 

17.23 

TABLE  F-4 


MAGNITUDE  (db)--q2. 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

F.C.  #3 

'  0.01 

37.67 

37.43 

30.60 

0.1 

17.50 

17.22 

10.52 

0.2 

11.02 

10.63 

4.267 

0.5 

■  .0.7319 

-1.884 

-5.033 

1.0 

-9.236 

-10.27 

-13.95 

2.0 

-20.56 

-21.72 

-24.67 

5.0 

-36.25 

-37.46 

■  -40.13 

10.  r 

-48.26 

-49.47 

-52.10 

20.0 

-60.29 

-61.51 

-64.12 

50.0 

-76.21 

-77.42 

-80.03 

100.0 

-88.25 

-89.46 

-92.07 

200.0 

-IOC.  3 

-101.5 

-104.1. 

500.0 

-116.2 

-117.4 

-120.0  ' 

TABLE  F-5 


MAGNITUDE  (db)  AND  PHASE  (Deg) — q22 


Freq. 

(Rad 

/Sec) 

F.C.  #1 

F.C. 

#2 

F.C.  #3 

Mag 

Phase 

Mag 

Phase 

Mag 

•  Phase 

0.01 

-24.64 

-.1848 

-25.18 

-.1763 

-21.66 

-.2665 

0.1 

-24.64 

-1.848 

-25.28 

-1.763 

-21.66 

-2.664 

0.2 

-24.65 

-3.695 

-25.19 

-3.525 

-21.68 

-5.326 

0.5 

-24.70 

-9.221 

-25.23 

-8.797 

-21.78 

-13.27 

1.0 

-24.86 

-18.32 

-25.38 

-17.49 

-22.12 

-26.18 

2.0 

-25.50 

-35.76 

-25.97 

-34.21 

-23.36 

-49.89 

5.0 

-28.99 

-77.77 

-29.22 

-75.14 

-29.09 

-98.61 

10.0 

-35.77 

-116,4 

-35.72 

-114.0 

-37.80 

-133.5 

20.0 

-45.78 

-145.6 

-45.58 

-144.0 

-48.76 

-155.7 

50.0 

-61.04 

-165.9 

-60.77 

-165.2 

-64.34 

-170.2 

100.0 

-72.98 

-172.9 

-72.70 

-172.6 

-76.34 

-175.1 

'200.0 

-84.99 

-176. 9 

-84.71 

-176.3 

-88. 37 

-177.5 

500.0 

-100.91 

-178.6 

.-100.6 

-178.1 

-104.3 

-179^0 

TABLE  F-6 


MAGNITUDE  (db)  AND  PHASE  (Deg) — q 22e 


Frequency 
(Rad,  Sec) 

F.C. 

#1 

F.C. 

#2 

F.C. 

#3 

Mag 

Phase 

Mag 

Phase 

Mag 

Phase 

0.01 

-24.64 

-359.9 

-25.17 

-359.9  ' 

-21.65 

-359.9 

0.1 

-24.62 

-359.9 

-25.62 

-359.8 

-21.62 

-359.8 

0.2 

-24.62  ; 

-359.8 

-25.15 

-359.6 

-21.61 

-359.6 

0.5 

-24.65 

-359.4 

-25.20 

-358.8 

-21.58 

-357.9 

1-0 

-2<\  80 

-357.2 

-25.39 

-356.3 

-21.91 

-347.1 

2.0 

-27.58 

-343.5 

-29.47 

-340.1 

-29.79 

-302.3 

5.0 

-47.92 

-224.1 

-45.36 

-204.3 

-57.53 

-111.3 

10.0 

-57.25 

-186.1 

-54.77 

-181.3 

-59.99 

-132.7 

'  20.0 

-68.48 

-172.5 

-66.13 

-171.3 

-68.85 

-125.8 

50.0 

-82.71 

-154.5 

-80.68 

-155.3 

-78.89 

-107.8 

100.0 

-92:98 

-139.9 

-91.04 

-140.4 

-85.34 

-99.41 

200.0 

-101.6 

-121.3 

.  -99.72 

-121.6 

-91.49 

-94.77 

500.0 

-110.7 

-103.7 

-108.9 

-103.9 

'  -99.48 

-91.92 

1000.0 

-117.0 

-96.97 

-115.1  , 

-97.06 

-1,05.5 

-90.96 

2000.0 

-123.0 

-93.50 

-121. i 

-93.55 

-111.5 

-90.48 

5000.0 

-131.0 

-91.41 

-129.1 

-91.42 

-119.5 

-90.20 

10000.0 

.  -137.0 

-90.71 

-135.1 

-90.72 

-125.5 

-90.10 

TABLE  F-7 


MAGNITUDE 

(db) — q23 

Frequency 

(Rad/Sec) 

■F.C.  #1 

F.C.  #2 

F.C.  #3 

0.01 

15.43 

13.98 

.0323 

0.1 

15.43 

13.98  ■ 

.0323 

0.2 

15.43 

13.98 

.0323 

0.5 

15.43 

13.98 

.0323 

1.0 

15.43 

13.9.3 

.0  323 

2.0 

15.43 

13.98 

.0323 

■5.0 

15.43 

13.98 

.0323 

10.0 

15.43 

13.98 

.0323 

20.0 

15.43 

13.98 

.0323 

50.0 

15.43 

13.98 

.0323 

100.0 

15.43 

13.98 

.0323 

200.0 

15.43 

13.98 

.0323 

50.0.0 

15.43 

13.93 

.0323 

TABLE  F-8 

MAGNITUDE  (db) — q31 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

•  F.C.  #3 

0.01 

37.37 

34.28 

43.67 

0.0 

16.96 

13.77 

23.30 

0.2 

9.907 

6.490 

16.31 

0.5 

-2.010 

-5.883  ■ 

4. 541 

1.0 

-12.99 

-17.06 

-6.371 

2.0 

-24.72 

-28.86 

-18.08 

5.0 

-40.55 

-44.70 

-33.90 

10.0 

-52.58 

-56.73 

-45.92 

20.0 

-64.62 

-68.77 

-57.96 

50.0 

-80.53 

-84.69 

-73.88  . 

100.0 

-92.57 

-96.73 

-85.92 

200.0 

-104.6 

-108.8 

-97.96 

500.0 

-120.5 

-124. 7 

,  -113.9 
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TABLE 

MAGNITUDE 

F-9 

(db)- 

-q32 

Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

F.C.  #3 

0.01 

-28.3 

-32.47 

-13.84 

0.1 

-28.94 

-32.48 

-13.85 

0.2 

-28.96 

-32.50 

-13.87 

0.5 

-29.13 

-32.67 

-14.03 

1.0 

-29.68 

■ 

-33.23 

-14.57 

2.0 

-31.39  , 

-34.94 

-16.31 

5.0 

-36.70 

-40.24 

-22.55 

O 

O 

,  -42.75 

-46.22 

-30.83 

20.0 

-50.51 

-53.79 

■  -41.40 

50.0 

-63.84 

-66.87 

-56.82 

100.0 

-75.35 

-78.30 

-68.79 

200.0 

-87.25 

-90.18 

-80:81 

50  0.0 

-103.1 

-106.0 

-96.72 

TABLE  F-10 


MAGNITUDE  (db) 

AND  PHASE 

(Deg)  - 

'q33 

Frequency 

(Rad/Sec) 

F.C. 

#1 

F.C. 

#2 

.  F.C. 

#3 

Mag 

Phase 

Mag 

Phase 

Mag 

Phase 

0.01 

8.102 

-30.90 

4.159 

-28.35 

3.377 

-6.681 

0.1 

-6.228 

-80.52 

-9.517 

-79.50 

-3.151 

-49.52 

0.2 

-12.16 

-85.23 

-15.43 

-84.71 

-4.685 

-66.89 

0.5 

-20.09 

-88.09 

-23.36 

-87.88 

-12.04 

-80.32 

1.0 

-26.11 

-89.05 

-29.37 

-88.94 

-17.97 

-85.13 

2.0 

-32.13 

-89; 53 

-35.39 

-89.48 

-23.97 

-87.56 

5.0 

-40.09 

-89.82 

.  -43.35 

-89.79 

-31.92 

-89.03 

10.0 

.  -46.11 

-89.91 

-49.37 

-89.90 

-37.94 

-89.52 

20.0 

-52.13 

-89.96 

-55; 39 

-89.95 

-43.96 

-89.76 

50.0 

-60.09 

-89.99 

-63.35 

-89.99, 

-51.92 

-89.91 

100.0 

-66.11 

-90.00 

-69.37 

-90.00 

-57.94 

-89.96 

200.0 

-72.13 

-90.00 

-75.39 

-90.00 

-63.96 

-89.98 

500.0 

-80.09 

-90.00 

-83.35 

-90.00 

-71.' 92 

-90.00 
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Aircraft  Data--Riqid ,  First  and 
Second  Bending  Mode 

,  The  data  listed  in  the  following  tables  is  obtained 
using  the  programs  listed  in  Reference  19.  The  natural  fre 
quency  for  the  first  bending  mode  occurs  at  approximately 
11.6  rad/sec  and  the  natural  frequency  of  the  second  bend¬ 
ing  mode  occurs  at  approximately  23.4  rad/s  For  the 
design  of  the  longitudinal  controller,  the  i  equencies  at 
and  around  the  bending  modes  natural  frequencies  are  of 
interest  because  of  changes  in  both  magnitude  and  phase. 
Thus  the  data  in  Tables  F-ll  through  F-20  is  expanded 
around  the  natural  frequencies  of  the  first  and  second 
body  bending  modes.  Note:  the  change  in  magnitude  and 
phase  of  the  non-rigid  model  js  very  small  from  that  of  the 
rigid  model. 


TABLE  F-ll 


MAGNITUDE  AND  PHASE 


Frequency 

(Rad/Sec) 

F.C. 

#1 

F.C. 

#2 

F.C. 

#3' 

Mag 

Phase 

Mag 

Phase 

Mag 

Phase 

0.01 

82.48 

-290.8 

63.73 

-273.2 

73.23 

-280.9 

0.1 

51.04 

-345.5 

42.53, 

-299.6 

46.61 

-332.7 

0.2 

39.21 

-352.6 

34.13 

-318.6 

35.31 

-345.6 

0.5 

23.35 

-357.0 

20.20 

-340.6 

19.62 

-354.1 

1.0 

11.32 

-358.5 

8.54 

-350.0 

7.62 

-357.1 

2.0 

-7.19 

-359.3 

-3.41 

-355.0 

-4.42 

-358.5 

5.0 

-16.64 

-359.7 

-19.30 

-358.0 

-20.33 

-359.4 

*10.0 

-28.68 

-359.9 

-31.33 

-359.0 

-32.37 

-359.7 

11.0 

-30.33 

-359.9 

-32. 99 

-359.1  ' 

-34.03 

-359.7 

11.5 

-31.11 

-359.9 

-33.76 

-359.1 

-34.80 

-359.7 

12.0 

-31.85 

-359.9 

-34.50 

-359.2 

-35.54 

-359.8 

12.5 

.  -32.55 

-359.9 

-35.21 

-359.2 

-36.25 

-359.8 

13.0 

-33.24 

-359.9 

-35.89 

-359.2 

-36.93 

-359.8 

**20.0 

-40.72 

-359.9 

-43.37 

-359.2  , 

-44.41 

-359.9 

22.0 

-42.37 

-359.9 

-45.03 

-359.5 

-46.07 

-359.9 

22.5 

-42.77 

-359.9 

-45.42 

-359.5 

-46.46 

-359.9 

23.0 

-43.15 

-359.9 

-45.80 

-359.5 

-46.84 

-359.9 

23.5 

-43.52 

-359.9 

-46.17 

-359.6 

-47.21 

-359.9 

24.0 

-43.89 

-359.9 

-46.54 

-359.6 

-47.58 

-359.9 

50.0 

-56.64 

-360.0 

-59.29 

-359.8 

-60.33 

-359.9 

100.0 

-68.68 

-360.0 

-71.33 

-359.9 

-72.37 

-360.0 

'200.0 

-80.72 

-360.0 

-83.37 

-359.9 

-84.41 

-360.0 

—500.0 

-96.64 

-360.0 

-99.29, 

-360.0 

-100.30 

-360.0 

*  First  bending  mode.' 
Second  bending  mode. 


** 


TABLE  F-12 


MAGNITUDE  (db)~  q±2 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

F.C.  #3 

0 . 0  i 

20.19 

1.10 

21.10 

0.1 

18.86 

1.03 

16.16 

0.2 

16.20 

0.82 

11.21 

0.5 

9.12 

-0.53 

2.98 

1.0 

1.08 

-3.95 

-4.76 

2.0 

■ -9.14 

-10.87 

-14.46 

5.0. 

-24.38 

-24.39 

-29.41 

'  10.0 

-36. 32 

-36.01 

-41.' 30 

11.0 

-37.97 

-37.64' 

-42.95 

11.5 

-38.74 

-38.41 

-43.71 

12.0 

-39.48 

-39.14 

-44.45 

,12.5 

-40.19 

-39.84 

-45.16 

13.0 

-40.86 

-40.51 

-45.84 

20.0 

-48.34 

'  -47.94 

-53.30 

22.0 

-49.99' 

-49.59 

-54.95 

22.5 

-50.38 

-49.98 

-55.34 

23.0 

-50.76 

-50.36 

-55.72 

23.5 

-51.13 

-50.73 

-56.10 

.24.0 

-51.50 

-51.10 

-56.46 

'  50.0 

-64.25 

-63.83 

-69.21 

100.0 

-76.29 

-75.87 

-81.25 

200.0 

-88.33 

-87.91 

-93.29 

.  500.0 

-104.20 

-103.80 

-109.20 

''ST- 


TABLE  F-l  3 


MAGNITUDE  (db)— q13 


Frequency 

(Rad/Sec) 

F.C. , #1 

F.C.  #2 

F.C.  #3 

0.01 

32.34 

30.47 

17.23 

0.1 

32.34 

30.47 

17.23 

0.2 

32.34 

30.47 

17.23 

0.5 

32.34 

30.47 

17.23 

1.0 

32.3  4 

30.47 

17.23 

2.0 

32.34 

30.47 

17.23 

5.0 

32.34 

30.47 

17.23 

10.0 

32.34 

30.47 

17.23 

11.0 

32.34 

30.47 

17.23 

11.5 

32.34 

30.47 

17.23 

12.0 

32.34 

30.47 

17.23 

12.5 

32.34 

30.47 

'  17.23 

13.0 

32.34 

30.47. 

17.23 

20.0 

'  32.34 

30.47 

17.23 

22.0 

32.34 

30.47 

17.23 

22.5 

32.34 

30.4  7 

17.23 

2  3.0 

32.34 

30.47' 

17.23 

23.5 

32.34 

30.47 

17.23 

24.0 

32.34 

30.47 

17.23 

50.0, 

32.34 

30.47 

17.23 

100.0 

32.34 

30.47 

17.23 

20o;o 

32.34 

30.47 

17.23 

50  0.0 

32.34 

30.47 

,17.23 
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TABLE  F-14 


#)• 


MAGNITUDE  (db) — q21 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

F.C.  #3 

0.01 

37.67 

37.42 

30.60 

0.1 

17.50 

17.22 

10.52 

0.2 

11.02 

10.63 

4.27 

0.5 

7.32 

-0.02 

-5.03 

1.0 

-9.24 

-10.27 

-13. 95 

2.0 

-20.56 

-21.72 

-24.67 

5.0 

-36.25 

-37.46 

-40.13 

10.0 

-48.26 

-49.47 

-52.10 

11.0 

-49.91 

-51.13 

-53.75 

11.5 

-50.68 

-51.90 

-54.52 

12.0 

-51.42 

-52.64 

-.55.26 

12.5 

-52.13 

-53.35 

-55.97 

13:0 

-52.81 

,  -54.03 

-56.65 

20.0 

-60.29 

-61,51 

-64..  12. 

22.0 

-61.94 

-63.16 

-65.78 

22.5 

-62.34 

-63.55 

-66.17 

23.0 

-62.72 

-63.93 

-66.55 

23.5 

-63.09 

-64.31 

-66.92 

24.0 

-63.46 

-64.67 

-67.29 

50.0 

-76.21 

-77.42 

-80.03 

100.0 

-88.25 

-89.46 

-92.07 

200.0 

-100.30 

-101.50 

-104. 10 

500.0 

-116.20 

-117.40 

-120.00 

f 
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TABLE  F-15 


MAGNITUDE  (db)  and  PHASE — q22 


Frequency 

(Rad/Sec) 

F.C. 

#1. 

F.C. 

#2 

F.C. 

#3 

Mag 

Phase 

Mag 

Phase 

Mag 

Phase 

0.01 

-24.64 

-360.0 

-25.18 

-360.0 

-21.66 

-360.0 

0.1 

-24.65 

-360.0 

-25.18 

-360.0 

-21.66 

-359.9 

0.2 

■  -24.65 

-359.9 

-25.18 

-359.9 

-21.68 

-359.8 

0.5 

-24.70 

-359.8 

-25.23 

-359.9 

-21.78 

-359.6 

1.0 

-24.86 

-359.7 

-25.38 

-359.7 

-22.12 

-359.2 

2.0 

-25.49 

-359.4 

-25.95  . 

-359.5 

-23.40 

-358.6 

5-° 

-28.92 

-359.1 

-29.17 

-359..1 

-29.21 

-358.2 

10.0 

-35.63 

-359.1 

-35.64 

-359.1 

-37.96 

-359.7 

■  11.0 

-36.85 

-358.8 

-36.83 

-359.1 

-39.38 

-358.8 

11.5 

-37.44 

-358.9 

-37.40 

-359.1 

-40.06 

-358.9 

12.0 

-38.03 

-358.9 

-37.96 

-359.2 

-40.72 

-353.9 

12.5 

-38.59 

-358.9 

-38.52 

-359.2 

-41.35 

-358.9 

13.0 

-39.14 

-359.3 

-39.05 

-359.2 

-41.97 

-358.9 

20.0 

-45.61 

-359.3 

-45.45 

-359.4 

-48.95 

-359.3 

22.0 

-47.13 

-359.5 

-46.95 

-359.5 

-50.53 

-359.3 

22.5 

-47.49 

-359.5 

-47.30 

-359.6 

-50.91 

-359.4 

23.0 

-47.84 

-359.5 

-47.68 

-359.7 

-51.28 

-359.4 

23,5 

.  -48.20 

-359.6 

-48.03 

-359.6 

.  -51.65 

-359.4 

24.0 

-48.54 

-359.6 

-48.37 

-359.6 

-52.00 

-359.4 

50.0 

-60.85 

-360.0 

-60.46 

-360.0 

-64.54 

-360.0 

100.0 

-72.79 

-360.0 

-72.57 

-360.0 

-76.54 

-360.0 

200.0 

-84.81 

-360.0 

-84.58 

-360.0 

-88.57 

-360.0 

500.0 

-100.70 

-360.0 

-100.50 

-360.0 

-104.50. 

-360.0 
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TABLE  F-16 


MAGNITUDE 

(db)-q23 

Frequency 

(Rad/Sec) 

F.C.  #1  . 

F.C.  #2 

F.C.  #3 

0.01 

15.43 

13.98 

32.45 

0.1 

15.43 

13.98 

32.45 

0.2 

15.4  3 

13.98 

32.45 

0.5 

15.4  3 

13.98 

32.45 

1.0 

15.43 

13.98 

32.45 

2.0 

15.43 

13.98 

32.45 

5.0 

15.43 

13.98 

32.45 

10.0 

15.43 

13.98 

32.45 

11.0 

15.43 

13.98 

32.45 

11.5 

15.43 

13.98 

32.45 

12.0 

15.43 

13.98 

32.45 

12.5 

15.43 

13.98 

32.45 

13.0 

15.43 

13.98 

.  32.45 

20.0 

15.43 

13.98 

32.45 

22.0 

15.43 

13.98 

32.45 

22.5 

15.43 

13.98 

32.45 

2  3.0 

15.4  3 

13.  98 

32.45 

2  3 . 5 

15.43 

13.98 

32.45  • 

24.0 

15.43 

•  13.98 

32.45 

50.0 

15.43 

13.98 

32.45 

■  100.0 

15.43 

13.98 

32.45 

200.0 

15.43 

13.98 

32.45 

50  0.0 

15.43' 

13.98 

32.45 

TABLE  F-17 
MAGNITUDE  (db)—  q31 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2  , 

F.C.  #3 

0.01 

37.46 

34.45 

43.74 

0.1 

16.97 

13.77 

23.30 

0.2 

9.91 

6.4  9 

16.31 

0.5 

-2...  , 

-5.88 

4.54 

1.0 

-12.99 

-17.06 

-6.37 

2.0 

-24.72 

-28.86 

-16.08 

5.0 

-40.55 

-44.70 

-33.90 

10.0 

-52.5b 

-56.73 

-45.92 

11.0 

-54.23 

-58.39 

-47.58' 

11.5 

-55.01 

-59.16 

-48.35 

12.0 

-55.75 

-59.90 

-49.09 

12.5  . 

-56.45 

-60.61 

-49.80 

13.0 

-57.14 

-61.29 

-50.48 

20.0 

-64.62 

-68.77 

-57.96 

22.0 

-66.27 

-70.43 

-59.62 

22.5 

-66.66 

-70.82 

-60.01 

2  3.0 

-67.04 

-71.20 

-60.39 

23.5 

-67.42 

-71.58 

-60.76 

24.0 

-67.78 

-71.94 

-61.13 

50.0 

-80.53 

-84.69 

-73.88 

100.0 

-92.57 

-96.73 

-85.92 

200.0 

-104.60 

-108.80 

-97.96 

500.0 

-120.50 

-124.70 

-113.90 

TABLE  F-18 


#)• 


MAGNITUDE  (db) — q32 


Frequency 

(Rad/Sec) 

F.C.  #1 

F.C.  #2 

F.C.  #3 

.  0.01 

-15.80 

-19.17 

-4.96 

0.1 

' -16.18 

-19.77 

-4.87 

0.2 

-16.56 

-20.14 

-4.90 

0.5 

-18.52 

-22.12 

-5.10 

1.0 

-22.14 

-25.76 

-5.82 

2.0 

-27.31 

-30.93 

-8.45 

5.0 

-35.21 

-38. 8i 

-18.27 

10  ’  0 

-41.94 

-45.44 

-29.15 

11.0 

-42.95 

-46.42 

-30.74 

11.5 

-43.44 

-46.89 

-31.49 

12.0 

-43.91 

-47.35 

-32.21 

12.5 

-44.36 

-47.80 

-32.90 

13.0 

-48.80 

-48.23 

-33.56 

20.0 

*50.07  . 

-53.35 

-40.90 

2  2.0 

/  ' -51.35 

-54.59 

-42.54 

22.5 

-51.65 

-54.90 

-42,92 

23.0 

-51.96 

-55.21 

-43.30 

23.5 

-52.26 

-55.50 

-43.68 

24.0 

-52.55 

-55.78 

.  -44.05 

50.0 

-63.73 

-66.75 

-56.74 

100.0 

-75.32 

-78.27 

-68.77 

200.0 

-87.24 

-90.17 

-80.81 

500.0 

rlO  3 . 10  , 

-106.00 

-96.72 

2  4  3 


TABLE  F-19 


MAGNITUDE  (db)  AND  PHASE  (Deg)— q33 


Frequency 

(Rad/Sec) 

F.C. 

#1 

F.C. 

#2 

F.C. 

#3 

■  Mag 

Phase 

Mag 

Phase 

Mag 

Phase 

0.01 

9.02 

-34.58  1 

4.39 

-28.97 

3.79 

-6.97 

0.1  . 

-6.23 

-80.53 

-9.52 

-79.50 

-3.12 

-49.54 

0.2 

-12.16 

-85.23 

-15.43 

-84.71 

-4.69 

-66.89 

0.5, 

-20.09 

-88.09 

-23.36 

-87.88 

-12.04 

-80.32 

1.0 

-26.11 

-89.05 

-29.37 

-88.94 

-17.97 

-85.13 

2.0 

-32.13 

-89.53 

-35.39 

-89.48 

-23.97 

-87.56 

5.0 

-40.09 

-89.82 

-43.35 

-89.79 

-31.92  ' 

-89.03 

10  0 

-46.11 

-90.00 

-49.37 

-90.00 

-37.94 

-90.00 

.  11-0 

-46.94 

-90.00 

-50.20 

-90.00 

-38.77 

-90.00 

■11.5 

-47.32 

-90.00 

-50.58 

-90.00 

-39.15 

-90.00 

12.0 

-47.69 

-90.00 

-50.95 

-90.00 

-39.52 

-90.00 

12.5 

-48.05 

-90. DU 

-51.31 

-90.00 

-39.88 

-90.00 

13.0 

-48.39 

-90.00 

-51.65 

-90.00 

-40.22 

-90.00 

20.0 

-52.13 

-90.00 

-55.39 

-90.00 

-43.96 

-90.00 

"22.0 

-52.96 

-90.00 

-56.22 

-90.00 

-44.79 

-90.00 

22.5 

■  -53.15 

-90.00 

-56.41 

-90.00 

-44.98 

-90.00 

23.0 

-53.34 

-90.00 

,  -56.60 

-90.00 

-45.17 

-90.00 

23.5 

•.  -53.53 

-90.00 

-56.79 

-90.00 

-45.36 

-90.00 

24.0 

-53.71 

1  -90.00 

-56.97 

-90.00 

-45.54 

-90.00 

50.0 

-60.09 

-90.00 

-63.35 

-90.00 

-51.92 

-90.00 

100.0 

-66.11 

-90.00 

-69.37 

-90.00 

-57.94 

-90.00 

200.0 

-72.13 

-90.00 

-75.39 

-90.00 

-63.96 

-90.00 

500.0 

-80.09 

-90.00 

-83.35 

-fj.00, 

-71.92  ' 

-90.00 

TABLE'  F-2  0 


MAGNITUDE  (db)  AND  PHASE  (Deg) —  a,22e 


Frequency 

(Rad/Sec) 

F.C. 

*1 

F.C. 

#2 

F.C. 

#3 

Mag 

Phase 

.  Mag 

Phase 

Mag 

Phase 

0.01 

-24.64 

-360.0 

-25.17 

-360.0 

-21.66 

-360.0 

0.1 

-24.64 

-359.9 

-25.17 

-359.9 

-21.67 

-359.9 

0.2 

-24.64 

-359.9 

-25. 18 

-359.7 

-31.66 

-359.7 

0.5 

-24.67 

-359.5 

-25.25 

-359.0 

-21.64 

-358.2 

1.0 

t24. 85 

-357.4 

-25.49 

-356.4 

-22.00 

-347.7 

2.0 

-27.63 

-343.3 

-29.52 

-339.8 

-29.85 

-302.9 

5.0 

-47.92 

-224.1 

-45.36 

-204.3 

-57.54 

-111.3 

10.0 

-57.29 

-186.1 

-54.77 

-181.3 

-59.99 

-132.7 

11.0 

-58.77 

-183.9 

-56.28 

-179.9 

-61.17 

-132.6 

11.5  ' 

-59.47 

-183.0 

-57.00 

-179.2 

-61.73 

-132.5 

12.0 

-60.15 

-182.1 

-57.69' 

-178.6 

-62.27 

-132.3 

12.5 

-60.80 

-181.3 

-58.35 

-178.0 

-62.79 

-132.0 

13.0 

-61.43 

-180.5 

-58.99 

-177.5 

-63.30 

-131.7 

20.0 

-68.48 

-172.5 

-66.13 

-171.3 

-68.85 

-125.8  ' 

22.0 

-70.05 

-170.6 

-67.72 

-169.9 

-70.04 

-124.0 

22.5 

-70.41 

-170.2 

-68.10 

-169.5 

-70.32 

-123.5 

23.0 

-70.77 

■ -169.7 

-68.46 

-169.1 

-70.59 

-123.1 

23.5 

-71.13 

-169.3 

-68.81 

-168.7 

-70 . 84 

-122.6 

24.0 

-71.47  . 

-168.8 

-69.16 

-168.4 

-71.09 

-12  2;  2 

50.0 

-82.71 

-154.5 

-80.68 

-155.3 

.  -78.89 

-107.8 

100.0 

-92.98 

-139.9 

-91.04 

-140.4 

-85.34 

-99.41 

200.0' 

-101.60 

-121.3 

-99,72 

-121.6 

-91.49. 

-94.77 

500.0 

-110.70 

-103.7 

-108.90 

■  -103.9 

-99.48 

-91.92 
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Rigid  Aircraft  Equations 


_ Listed  below  are  the  derived  equations  of  the  longi¬ 
tudinal  mode  for  F.C. 's  #2  and  #3.  Note  that  these  equa¬ 
tions  are  derived  in  the  same  manner  as  the  equation  derived 
in  Chapter  V  for  F.C.  #1. 

F.C.  #2: 


!  .  0 4 11S  .  560066S  -  .  02669  .  S  +  .  0029646  j|  h 

:  2  ij  . 

' -.074319S  -  . 03547S  . 0 06307S  +.  47902  .004865  e 

1  .  !| 

'  - .  17  891  S  +  .814938S +  2.46095  -.009104  Iju 

i _  •  Jl  . 


|  .010498 

-.079813 

.034! 

r* 

1  : 

i 

=  1  -.01862. 

.027303 

1 

1 

o  .1 

1 

j'sb 

I 

1-1.75799 

.217951 

0  j 

1  dT 

L_ 

, 

L  T  j 

F.C.  It 3 : 


10B10S 


-.24 


383S 
261927S 


. 18986S 


.  1660  307S  -  . 13914 

S  +  ,.1234233 

h 

.033514S  +  .77841 

.1591737 

6- 

S2  +  1.09229S  '+  1.0743 

-.0318452 

u 

.0064484 

-.063125 

,1268 

6 

e 

- 

.0375145 

.064588 

0 

Ssb 

- 

.  921844 

. 194512 

°  J 

_6t_ 
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Response  Models--Pitch 
Angle  Command 

The  upper  bound  or  optimal  response  selected  for 
the  pitch  angle  response  is  a  settling  time  of  approxi¬ 
mately  6  seconds  for  a  4  degree  command  input.  The  derived 
equation  for  this  bound  is: 

' _ 0.9550 _ • 

.  22  (S  +  1.018)  (S  +  0.6665  +  jO .  70 2 8 ) 

The  time  J->main  specifications  for  this  model  are  given  in 
Table  F-2  1 .  .  '  ' 


TABLE  F-2 1 

b22 — TIME  DOMAIN  SPECIFICATIONS 


Rise  Time  =  2.93  seconds 
Settling  Time  =  6.26  seconds 
Peak  Value  =  4.08  seconds 
Final  Value  =  4.00  seconds 


The  log  magnitude,  of  b^  over  the  frequency  of  interest 
is  shown  in  Table  F-22.. 
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TABLE  F-22 


LOG  MAGNITUDE— b22 


Frequency 

(Rad/Sec) 

Magnitude 

(db) 

Frequency 

(Rad/Sec) 

Magnitude 

(db) 

0.1 

-0.038 

10 

-60.4 

0.2 

-0.153 

20 

-78.5 

0.5 

-1.12 

50 

-102 

1.0 

-5,99 

100 

- 12  0 

2.0 

-19.59 

200 

-138 

5.0 

-42.5 

500 

-162 

The  worst  acceptable  case  for  a  4  degree 

command  is  selected  as  having  a  settling  time  of 

mately  10  seconds.  The  derived  equation  for  this 

pitch  angle 

approxi- 

bound  is: 

0.4875 

a22 

(S  +  0. 51) (S  +  1. 

018) (S  +  0.6665  t 

jO . 7028 ) 

The  time  domain  specifications 

for  this  model  are 

given  in 

Table  F-23. 

TABLE  F-23 

a22— TIME  DOMAIN  SPECIFICATIONS 

Rise  Time  *  5.08  seconds 
Settling  Time  =  10.1  seconds 
Peak  Value  =  4.00  seconds 
■■  Final  Value  *  4i00  seconds 


The  log  magnitude  of  a22  over  the  frequency  of  interest  is 
shown  in  Table  F-24. 


TABLE  F-24 
LOG  MAGNITUDE— a22 


Frequency 

'(Rad/Sec) 

Magnitude 

(db) 

Frequency 

(Rad/Sec) 

Magnitude 

(db) 

0.1 

-0.193 

10 

-86.3 

0.2 

-0.766 

20  ' 

-110 

0.5' 

-  i 

o 

50 

-142 

1.0 

00 

CM 

H 

1 

■  100 

-166 

2.0 

-31.7 

200 

-190 

5.0 

-62.4 

500 

-222 

The 

upper  bound  or  maximum 

acceptable 

response  for 

the  altitude 

response,  h,  due  to  a 

pitch  angle 

command  is 

a  peak  value 

of  0.5  ft.  which  approaches  zero 

as  time 

increases . 

The  derived,  equation  for  this  bound  is:' 

11. 86S  (S 

+  5) 

' 

b12 

(S  +  0.4  i  jO . 3165  )  (S  +  10)  (S  + 

10) 

The  time  domain  specifications  for 

this  model 

are  given 

in  Table  F-25.  The  log  magnitude  i 

of  b12  over 

the  frequency 

of  interest 

is  shown  in  Table  F-26 

' 

TABLE 

F-2  5 

- 

b12— TIME  DOMAIN  SPECIFICATIONS 

Time  to  Peak  = 

2.11  seconds 

Settling  Time  = 

9.92  seconds 

, 

Peak  Value  =  0. 

500  seconds 

Final  Value  =  C 

seconds 

' 

■ 

TABLE 

F-26 

• 

LOG  MAGNITUDE — b12 

• 

Frequency 

Magnitude 

Frequency 

Magnitude • 

(Rad/Sec) 

(db) 

(Rad/Sec) 

(db) 

*)• 

0.1 

-12.9 

10 

-23.6 

0.2 

-7.22 

20 

-32.2 

0.5 

-2.59 

50 

-46.8 

■ 

1.0 

-10.4 

200 

-70.6  . 

■ 

5.0 

-17.5 

500 

■  -86.5 

The 

upper  bound  or  maximum  acceptable  response  for 

1 

•  the  perturbation  velocity,  .u, 

due  to  a  pitch  angle  command 

■ 

is  a  peak  value  of  1.0  ft/sec 

which  approaches 

zero  as  time 

increases. 

The  derived  equation  for  this  bound 

is: 

4 . 7  5S  ( S ,  +  5) 

-  b32 

r 

(S  +  0.4  ±  jO.  3165)  (S  +  20) 

.  . 

2 

50 

, 

The  time  domain  specifications  for  this  model  are  given  in 


Table  Fr27. 

The  log  magnitude 

of  b32  over  the 

frequency  of 

interest  is 

shown  in  Table  F-28 

• 

• 

TABLE  F 

-27 

b32 — TIME  DOMAIN 

SPECIFICATIONS 

Time  to  Peak  =  1 

. 94  seconds 

Settling  Time  = 

9.76  seconds 

Peak  Value  =  1.00  seconds 

Final  Value  =  0 

seconds 

Table  F 

-28 

■ 

LOG  MAGNITUDE — b32 

Frequency 

■  Magnitude 

Frequency 

Magnitude 

(Rad/Sec) 

(db) 

(Rad /Sec) 

(db) 

0,1 

-6.89 

10 

-12.5 

0,2 

“1.18, 

20 

-15.2 

0.5 

3.47 

50 

-21.1 

1.0 

•  0.906 

100 

-26.6 

2.0 

-4.07 

200 

-32.5 

5.0 

“9.76 

500 

-40.5 

•  A  plot  cf  Log  Magnitude,  vs  Frequency  for  each  of 

t  \ 

the  response  models  is  shown  in  Figure  F-l. 


51 . 04db 


Note  that  the  templates  for  w  >  2  rad/sec  are  straight 
lines  with  magnitude  of  3.69db. 

-  Fig;  F-2.  Templates — q^  —  Rigid  Aircraft 


254 


-54. 77db 


Note  that  the  templates  for  w  <_  1.0  rad/sec  are 
straight  lines  with  magnitude  of  3.48db  and 
w  >_  500  rad/sec  straight  lines  with  magnitude  ll.Sdb. 

"Fig.  F-4.  Tcmplates--q22G~*Ri9icl  Aircrafc 
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rad/sec 


Note  that  the1  templates  for  u<  •  2.0  rad/sec  are 
straight  lines  with  magnitude  of  ]1.40db. 

Fig.  ,F-5.  Templates--q^^--Rigid  and  Non-Rigid  Aircraft 
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I 


<4 

I 

I 


Note  that  the  templates  for  w  >  2  rad/sec  are  straight 
lines  with  magnitude  of  3.69db. 


Fig.  F-7.  Templates— q1L— Non-Rigid  Aircraft 

\  ■  '  . 

558 


Note  that  the  templates  for  w  ^  1.0  rad/sec  are 

straight  lines  with  magnitude  of  3.48db  and 

<*>  1  500  rad/sec  straight  lines  with  magnitude  11.5db. 


Fig.  F-8 (b) .  Templates — q22e — Non-Rigid  Aircraft 
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Summary 


.This  appendix  contains  the  required  magnitudes  for 
each  of  the  q^'s  f°r  the  design  of  the  3x3  longitudinal 
controllers  for  boih  the  rigid  and  nonrigid  models.  The 
aircraft  equations  for  F.C.'s  #2  and  #3  are  highlighted  and 
the  time  domain  specification  models  are  presented.  These 
models  are  used  in  the  development  of  a  pitch  angle  con¬ 
troller  for  the  longitudinal  mode.  Finally,  the  templates 
required  in  the  design  of  each  controller  are  included. 


Appendix  G:  2x2  Simulation  Programs 
Introduction 

This  appendix  contains  the  computer  programs  used 
in  the  simulation  of  the  2x2  design.  The  programs  used 
during  the  3x3  design  phase  for  the  numerical  analysis  and 
simulations  are  contained  in  Reference  19. 

2x2  Simulation  • 

The  following  programs  are  used  in  the  simulation  of 
the  2x2  design.  Shown  in  Figure  G-l  is  the  feedback  struc¬ 
ture  used  in  this  simulation. 


. ,  Fig.  G-l.  Simulation  Block  Diagram 

Where  P  is  the  plant  matrix,  and  G2  are  the  two 
designed  compensators,  and  f^  and  -f  ^  are  the  two  desired 
pre-filters.'  The  first  program  is  the  procedure  file  used 
to  compile,  load  and  run  the  desire, d  simulation  programs. 


,PR0C,YR1. 

*  Yftl 

* 

♦  ♦ 

♦♦  THIS  PROGRAM  COMPILES  ,  LOADS  AND  RUNS  THE  REQIURED  ♦  * 
♦♦  ROUTINES  FOR  THE  2X2  SIMULATION  ** 

♦  ♦ 

CLEAR, 

RFL, 130000. 

GET  , DERV . 

FTN5 , I=DERV , L=DERLIST  , ANSI =0 ,LO=R/ A/S/M , 

♦L'IBGEN<P=SUBY. 

GET  , YDATA . 

FTN5 » I=YDATA » L=DATLI ST , ANSI=0  »LO=R/A/S/M . 

♦LIBGEN ( P=SUBYD « 

GET  , YSIMU . 

FTN5,I=YSIMU,L=SIMLIST,ANSI=0,L0=R/A/S/M. 

♦SETPLOT ( PENl=BLACK/LIQ3f PEN2=RED/LIQ2) , 

GET ,  DE'GOL . 

FTN5,I=DEGOL,L=DEGL1ST,ANSI=0,LO=R/A/S/M. 

♦GET  , PLOT . 

♦FTN5 , I=PLOT , L^PLOLIST  » ANSIsO , L0=R/A/S/M . 

♦ATTACH, HCBSLIB/PLIB, POOL. 

GET , SUBLP  * 

FTN5,I=SUBLP,L=SUBLIST,ANSI=0,L0=R/A/S/M. 

LOAD(DERV,YDATA, YSIMU, DEGOL,SUBLP>  » 

♦GET ,SUBD . 

♦GET, SUB. 

♦LOADER, LIB=HCBSLIB/SUB/SUBD/SUBYD/SUBY, 

SETTL=7000, 

♦SETLIM , CP=5500 , 

LGG . 

REPLACE, DATALP, 

, REPLACE, DATAOUT. 

DAYFILE, YLIST. 

REPLACE, YLIST. 

EXIT. 

DAYFILE, YLIST. 

REPLACE, YLIST. 

REVERT, NOLIST. 

END'  OF  FILE 
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This  subroutine  contains  the  required  data  for  the 
input/output  equations  over  the  three  flight  conditions  of 
inhere at. 


SUBROUTINE  DATA 
C 

C  2X2  , SYSTEM 

C 

C 

C  **  THIS  SUBROUTINE  CONTAINS  THE  DATA  OF  THE  2X2 
C  **  INPUT/OUTPUT  MATRICIES »  THE  EQUATIONS  ARE  IN 
C  **  THE  FORM:  MY  =  N  DELTA  WHERE  M  IS  THE  OUTPUT 
C  **  MATRIX  AND  N  IS  THE  INPUT  MATRIX.  Y  TS  THE 
C  **  OUTPUT  VECTOR  AND  DELTA  IS  THE  INPUT  VECTOR 
C 
C 

C -  DIMENSION  - 

C 
C 

DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
C 

DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
C 
C 

C -  COMMON 

C 

COMMON  /VM1 1 /  VMliA,VMllB>VMllC 
COMMON  /VMI2/  VM12A,VM12B 
COMMON  /VM21/  VM21 A » VM21B  *  VM21C 
COMMON  /VM22/  VM22A , VM22B , VM22C 
C 

COMMON  /VN1 1  /  VNUA 
COMMON  /VN12/  VN12A 
COMMON  /VN21/  VN21A,VN21B 
COMMON  /VN22/  VN22A,VN22B 
C 


VM11A<3> ,VM11B(3),VM11C(3) 
VM12A<3> ,VM12B<3> 

VM21 A ( 3 ) » VM21B(3>  »VM21C(3) 
VM22A  <  3 ) ,VM22B(3) ,VM22C(3) 

VN1 1 A ( 3 ) 

VN12A( 3) 

VN21A(3) »VN21B(3) 

VN22AC3) ,VN22B<3) 


** 

** 

** 

** 

** 


C - OUTPUT  MATRIX  DATA - 

C 

C 

DATA  VM11A/1. , 1. ,1./ 

DATA  VM1 IB/ .74028, .920643, 1 .09665/ 

DATA  UMUC/-. 010714,-. 016597, -.09548/ 
DATA  VM12A/. 24789, .3974, .69382/ 

DATA  VM12B/4 . 46897 , 6 . 25223 , 2 . 4876/ 

DATA  VM21A/. 039665, .0399458, .031645/ 
DATA  VM21B/. 06142, .06167, .22835/ 

DATA  VM21C/.0065, .00821 , .03271/ 

DATA  VM22A/-1 . ,-t . ,-l ,/ 

.  DATA  VM22B/-. 227437, -.272719, -.368629/ 
DATA  VM22C/-1 . 43226 , - 1 . 88298 , - . 609055/ 

C 

C -  INPUT  MATRIX  DATA 

C 

DATA  VN11A/. 364455, .46223, .37757/ 

DATA  VN12A/. 708183, 1.111, .36189/ 

DATA  VN21A/. 00074615, .0007655, .0024207/ 
DATA  VN21B/. 020812, .02546, .01926/ 

DATA  VN22A/-. 026647, -.0273552, -.038190/ 
DATA  VN22B/-1. 01677, -1.3286, -.46618/ 
RETURN 
END 

END  OF  FILE 
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This  subroutine  contains  the  staue  space  equations 
of  the  plant,  compensators  and  pre-filters.  e  remainder 
of  the  equations  in  this  pr;  jram  are  derived  from  Figure  G-l. 


SUBROUTINE  DERV<T,Y,YP) 

C 

C  UPDATE*/.  08/21/84 
C 

c  #* 

C  **  THIS  SUBROUTINE  CONTAINS  THE  AIRCRAFT  EQUATIONS,  ** 

C  **  PRE-FILTER  EQUATIONS,  AND  COMPENSATOR  EQUATIONS.  ** 

C  **  IN  STATE  SPACE  FORM.  THE  TERM  YP  IS  THE  '  ** 

C  **  DERIVATIVE  OF  Y  WHERE  Y  IS  THE  STATE.  ** 

C  ** 

C 
C 

DIMENSION  Y<18),YPC18) 

C 

C ***************  COMMON  *************** 

C 

COMMON 
COMMON 
COMMON 
COMMON 
C 

COMMON 
C 

COMMON 
C 

COMMON 
COMMON 
C 

.COMMON 
C 

COMMON 
COMMON 
COMMON 

c 

c -  P(S> 

c  ** 

C  **  INPUT/OUTPUT  MATRICIES  IN  EQUATION  FORM  ** 

C  ** 

C  . 

YP< 1 >  *  Y (2) 

r  YP < 2 >  =  -Cl 1B*Y < 2 >  -  Cl 1C*Y ( 1 )  -  C12A*Y<4>  -  C12B*Y(3> 
YP ( 2 )  *  YP ( 2 )  +  D 1 1 A  *  D 1  +  Dl2A*D2 
YP  <  2 )  »  YP  <  2 ) /C11A 


/Cll/  C11A,C11B,C11C 
/C:»2/  C12A , C12B 
/C21/  C21A,C21B,C21C 
/C22/  C22A, C22B ,C22C 

/Dll/  D 1 1 A , D 1 2A » D2 1 A » D2 1 B , D22 A , D22B 

/F/ . F IN ,F1P1 ,F1P2,F2K,F2P1 ,F2P2 

/Cl/  GlK ,G1Z1 , G 122,0123, G 124 
/GIF'/  G1P1 ,G1P2,G1P3,G1P4,G1P5,G1P6 

/G2/ .  G2N ,G2Z1  ,G2P1  ,G2F'2,G2P3 

/R/  Rl ,R2 
/C/  Cl ,C2 
/»/  Dl , D2 , DD1 , DD2 


oooooooonnooo  n  nnnnnnnnnnonoon 


Cl  =  Y  < 1 ) 


C 

YP<3>  =  Y<4> 

YP<4)  =  -C21A*YP<2>  -  C21B*Y<2>  -  C 
YP<4)  =  YP < 4 >  -  C22B*Y<4>  -  C22C*Y< 
YP(4)  =  YP<4)  +  D21A«DD1  +  D21B*H1 
YP(  4  >  =  YP<4)  +  D22A*riD2  +  D22B*D2 
YP(4)  =  YP(4)/C22A 
C 

C2  =  Y ( 3 ) 

-  F1(S)  - 


*# 

**  PRE-FILTER/LOOP  TWO  ** 

** 

YP  < 18 )  =  R1  -  ,58*Y<18> 
F1A  a  •  58*Y < 18  > 


YP<5>  =  Y(6) 

YP<6)  =  F1A  -  F1P1*Y<6>  -  F1P2*Y<5> 

FI  *  F1K#Y<5> 

YP<5>  *  R1  r  FlPl*Y<5> 

YP( 6 )  »  F1N*Y<5>  *  FIP2*Y(6> 

FI  *  Y<6> 

F2  <  S )  - 


** 

**  PRE-FILTER/LOOP  TWO  ** 

** 


YP<7)  a  Y<8) 

YP<8>  a  R2  -  F2P1*Y<8>  *  F2P2*Y<7) 

F2  *  F2K*Y<7> 

YP<7>  «  R2  -  F2P1*Y<7> 

YP(8)  a  F2K*Y(7>  -  F2P2*Y<8> 

C 

F2  *  Y(8> 
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w  rj 


c -  GJ  ( S )  - 


c  ** 

c  **  COMPENSATOR  DESIGNED  FOR  LOOP  ONE  ** 

C  ** 

El  *  FI  -  Cl 
C 

YP(9)  =  Y  <  10) 

YP(10)  =  El  -  G1P1*Y<10)  -G1P2*Y<9) 

G1A  a  GIN* ( Y < 10 )  +  G1Z1*Y<9>> 

C 

YP(ll)  =  Gift  -  G1P3*Y<11> 

GIB  =  YP< 11 )  +  G1Z2*Y  < 1 1 > 

C 

YP(12)  =  GIB  -  G1P4*Y < 12) 

G1C  =  YP  < 12 )  +  G1Z3*Y (12) 

C 

YP( 13)  a  G1C  -  G1P5*Y(13) 

G1D  =  YP< 13)  +  G1Z4*Y (13) 

C 

YP < 14 )  =  G1D  -  G1P6*Y (14) 

C 

M  =  Y  < 14 ) 

UD1  =  YP (14 ) 

C 

C - --  G2(S)  - 

C 

c 

C  **  COMPENSATOR  DESIGNED,  FOR  LOOP  TWO  ** 

C  ** 

E2  *  F2  -  C2 
C 

YP ( 15 )  -  Y ( 1 6 ) 

YP( 16)  =  E2  -  G2P1*Y (16)  -  G2P2*Y(15> 
G2A  =  G2K*( Y  < 16)  +  G2Z1*Y<15)) 

C 

YP( 17)  a  G2A  -  G2P3*Y <  17) 

C 

D2  =  Y  < 17 ) 

DD2  ■  YP(17) 

C 

c 

C  **  CONTROL  SURFACE  SATURATION*'  ** 

C  **  COf  (ROL  WHEEL  AND  RUDDER.  ** 

C  ** 

C 

IF  <D3  *GT .  90. )  D1  *  90. 
tf  ( D1  .LT.  -90.)  D1  =  -90. 

IF  <D2  .GT.  17.)  D2  =  17,. 

IF  (D2  .LT.-17.)  D2  *  “17. 

C 

RETURN 

END 

END  OF  FILE 
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This  subroutine  contains  the  required  program  that 


c  ^ 


i 

I 


B 


* 


*  • 


calculates  'the  desired  time  response  from  the  system  of 


equations  developed  in  the  other  subroutines. 

SUBROUT I NE  DEGOL ( F , NEQN , Y , T , TOUT , RELERR , 

+  ABSERR , I FLAG  , ITMAX ) 

C  **  THIS  SUBROUTINE  IS  USED  IN  DETERMINING  ** 

C  **  THE  DESIRED  RESPONSE  FROM  A  GIVEN  ** 

C  **  .SYSTEM  OF  EQUATIONS.  ** 

INTEGER  N 
REAL  HOLD 

LOGICAL  START, CRASH, STIFF 
DIMENSION  Y<NEQN>  ,F‘SI  ( 12) 

DIMENSION  YY < 30)  ,  WT ( 30 )  ,F‘HI  < 30, 16 >  ,F’<  30 )  ,  YF'  ( 30  ) 
DIMENSION  YF'OUT ( 30 ) 

EXTERNAL  F 

DATA  F0URU/.44E-15/ 

MAXNUM=MAXO<  500 » ITMAX ) 

IF(NEQN  .LT.  1  .OR.  NEQN  . GT .  30)  GO  TO  10 
IF  <  T  .EQ.  TOUT)  GO  TO  10 

IF(RELERR  .LT.  0.0  .OR.  ABSERR  .LT.  0.0)  GO  TO  10 
EPS  =  AMAXl< RELERR, ABSERR) 

IF  ( EF'S  .LE.  0.0)  GO  TO  10 
IF  < IFLAG  .EG.  0)  GO  TO  10 
ISN  !=  ISIGN<  1 ,  IFLAG) 

IFLAG  =  IABS( IFLAG) 

IF  < IFLAG  .EG.  1)  GO  TO  20 

IF< IFLAG  .GE.  2  .AND.  IFLAG  .LE.  5)  GO  TO  20 
10  IFLAG  *  6 
RETURN 

20  DEL  =  TOUT  -  T 

ABSDCL  =  ABS(DEL) 

TEND  =  T  +  10.04PEL 
.  IF  < ISN  ,LT.  0)  TEND  =  TOUT 
NOSTEP  =  0 
KLE4  -  0 
ulit-r  —  .FALSE. 

RELEPS  =  RELERR/EPS 
ABSEPS  =  ABSERR/EPS 
IF  < IFLAG  .EQ.  1)  GO  TO  30 
IFdSNOLD  .LT.  0)  GO  TO  30 
IF < DELSGN4DEL  .GT.  0.0)  GO  TO  50 
C 

C  Of.'  START  AND  RESTART  ALSO  SET  WORK  VARIABLES  X 
C  AND  YY ( * ) ,  STORE  THE  DIRECTION  OF  INTEGRATION 
C  AND  INITIALIZE  THE.  STEP  SIZE 
30"  START  =  .TRUE. 

-  X  =  T 

r  DO  40  L  *  1 .NEQN 
40  Y,Y(L)  -  Y  i  L  > 

DCLSGN  =  SIGN < 1 .0, DEL) 

H  =  SIGN<aMAX1(ABS<T0UT-X>,F0URU*ABS(X) ),TOUT-X) 
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noon 


50  I F ( ADS  (  X-T )  , LT  .  ADSDLL)  GO  TO  60 

CALL  INTRF(X,YY, TOUT, Y,YPOUT, NEON, HOLD, PHI, PSI ) 

IFLAG  =  2 
T  =TOUT 
TOLD  =  T 
ISNOLD  =  ISN 
RETURN 

IF  CANNOT  GO  PAST  OUTPUT  POINT  AND  SUFFICIENTLY  CLOSE, 
EXTRAPOLATE  AND  RETURN 


60  IF  ( ISN  ,6T  ♦  0  .OR.  ADS<TOUT-X*  .GE.  FCURU*AtG ( X  >  >  GO  TO 
H  =  TOUT  -  X 
CALL  F  <  X , YY , YP ) 

DO  70  L  =  1 , NEON 
70  , Y  <  L  >  =  YY  <  L )  4  H*YP(L) 

IFLAG  =  2 
T  =  TOUT 
TOLD  =  T 
ISNOLD  =  ISN 


RETURN 


C 

c  TEST  FOR  TOC  MUCH  WORK 
C 

80  IF (NCJSTEP  .LT.  MAXNUM >  GO  TO  100 
IFLAG  =  ISN*4 
IF ( ST  Iff  )  I  FLAG  =  ISN*E 
DO  90  L  =  1 , NEON 
90  Y  <  L )  =  Y  Y  <  L  > 

T  =  X 
T  01  D  =  T 
ISNOLD  =  1 
RETURN 


L  ' 

C  LIMIT 
C 

100  P  = 


STEF-  SIZE,  SET  WEIGHT  VECTOR  AND  A  STEP 
SIGN  <  AMI  Ml  <  AV>S  (  H  >  ,AI  S'  TLNl  X)  )  ,FO 


DO  11 0  L  =  1 , NuUN • 

UT<L)  =  RELLrS»ADS(  YY(L>  )  4  ADSEFS 
CALL  STEP < X, - YY, F, NEON, H, EPS, WT, START , 

4  HOLD, K, KOLD, crash, phi, p,yp,psi > 


c 

C  1  ESI  FOR  Tf"-  EF;ANC  r  c,  TOO  SMA'J. 
I rr  ,  not.  CRASH)  SO  TO  170 


120 


IFT  AS  =  ISN*S 
PELEFR  ^  Er'C*r'Ei-  EPS 
A  DSC  RE:  =  LF'S*  ALSO  F'S 
DO  120  L  =  1 , NEON 
Y  <  L  )  =  YY  <  L  ) 

J.  =  X 
■TOt  D  =  T 
ISNOLD  =  i 
RETUf:N 


C 

r 


augment  'counter,  on  worn-  ant 


TEST  FOR  STirr-GSS 
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I 


»  ^TT* 


I 


l 


I  <)• 


« 

» 


130  NOSTEF  =  NQSTEP  +  1 
KLE4  =  KLE4  +  1 
IF  <  KGLD  .GT.  4)  KLE4  =  0 
IF  (  KLE4 ,  GE.  50  >  STIFF  =  » TRUE  . 

GO  TO  50 
CNf 

******************* *********************** 

C  SUBROUTINE  STER 

£***********%*********************************** 

SUBROUTINE  STEP <X.Y,F, NEON,  H,EPS,WT,  START  , 

+  HOLD, K.NOLD, CRASH, PHI ,P»YP,.RSI ) 

LOGICAL  ST ART, CRASH, PHASE 1 ,NQRND 

DIMENSION  Y  k  NEON  )  ,UT(NERN>  ,  PHI  ( NEON  ,  16 )  ,  P  <  NEON  ) 

DIMENSION  YF'NEON)  ,PSI  < 12) 

DIMENSION  ALPHA ( 12) ,BFTA< 12> ,S1G ( 13 > ,U < 1 2 > , V (12 1 ,G < 13 > , 

+  GSTF:  ( 1 3  )  , TWO ( 1 3 ) 

EXTERNAL  F 

DATA  TU0U/.22E -15-' 

' DAT  A  FOURU/ .44E-15/ 

DAT  A  TUO/2 . 0,4.0.0.0,16.0,32.0,64.0,120.0, 256 .0,512.0, 

F  1024.0, 2040. 0,40<?6. 0,3192.0/ 

' DATA  GSTP/O. 500, 0.0033, 0.04 IT, 0.0264, 0.0 100, 0.01 43, 

F  0.01 14, 0.00936,0. 0070^,0.006-9, 0.00592,0.00524,0.00460/ 
DATA  G(l)»D<2'/1.0,0.5/,riC<l>/1.0/ 

CRASH  =  .TRUE. 

IF  <  ADS  <  H )  .GE.  FGUF:U*aeC  <  y  >  )  GO  TO  5 
H  =  SIGN(FO«jr  i.'*ADS(X>  ,H> 

RETURN 

5  P5EP3  =  0 . 5*LF'S 

r 

,C  IF  ERROR  TOLERANCE  IS  TOO  SMALL,  INCREASE  IT  TO  AN 
C  ACCEPTABLE  VALUE 
C 

ROUND  =0.0 
DP  10  L  =  1 » NEON 

10  ROUND  =  ROUND  4  (  Y(L  ' /L'T<L  1  )**2 

.  ROUND  =  TUOL'*  '..Qr  t  ROUND  ) 
ir<r-5ErT  .CE.  ROUND)  t-n  TO  15 
Er,S.  *  2 . 0*r0UND*  <1.0  F  FOURU) 

RETURN  ■' 

15  CRASH  -  .FALSE. 

IF< .NOT. START)  GO  TO  99 

C*  ' 

C  INITIALIZE.  COMPUTE  Ar-RRCRRIA  TE ,  STEP  SIZE  FOR  FIrST  STEP 
C 

•  C  ALL  f  <  X.Y  ,Yf  ) 

SUM  =  0.0 

DO  20  L  =  1 , NEON 

PHI ( L ,  1  )  =  YP ( L  ) 

.PHI  (L,2>  *0.0 

20  SUM  =  SUM  F  < YF<L )/WT(L> )**2 
rS'UM  SORT  (SUM- 
ABSM  =  ADS ( M ) 

IF ( EPS . LT  *  16.0*EUM*M*H>  ADS  I  =  0 . 25*SQRT < EPS/SUM ) 

I!  =  SIGNCAHAYl  <AtSH,FOUr:L«*ADS<Y>  >  ,H) 

HOLD  =  0.0 
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n  o  o  n  o  on  no  noon  noon noon 


K  =  1 

KOLD  =  0 

START  =  .FALSE. 

PHASE  1  =  .TRUE. 

NORND  =  .TRUE. 

~1F  <  R5ERS  .GT.  100.0*F0UNin  GO  TO  99 
-NORND  =  .FALSE. 

I'O  25  L  =  l.NEQN 
2?  PHI  <  L  f  15 '  =  0.0 

99  1FAIL  =  0 

***  ENG  SLOES  0  *** 

***  BEGIN  SLOCK  1  *¥* 

CONFUTE  COEFFICIENTS  OF  FORMULAS  FOR  THIS  STEF.  AVOID 
CONFUTING  THOSE  QUANTITIES  NOT  CHANGED  WHEN  STEF  SIZE  IS 
NOT  CHANGED. 

*** 

100  KF 1  =  K41 
KF2  =  K+2 
KM1  =  K-l 
NM2  =  K-2 


NS  IS  THE  NUMBER  OF  STEFS  TAKEN  WITH  SIZE  H,  INCLUDING 
THE  CURRENT  ONE.  WHEN  K.LT.NS,  NO  COEFFICIENTS  CHANGE 

I F  <  H  .NE.  HOLD  )  NS  =  0 
NS  =  MINO'NST  1  ,KOLD-»  1  > 

NSF1  =  NS+1 

IF  <  K  .LT.  NS)  GO  TO  199 

CONFUTE  THOSr  COMFONENTS  OF  ALPHA ( *) ,SETA C * ) , PSI ( * ) , SI G <* 
EHICH  ARE  CHANGED 

DETAINS)  =  1.0 
REALNS  =  NS 

ALPHA' NS >  =  1.0 'REAL NS 
TEMPI  =  H*REAL  NS 
SIG(NSPl)  =1.0 
IF  <K  . LT'.  NSF1 )  GO  TO  110 
DO  105  I  =  NSP1 r K 
IM1  =1-1 

TEMP2  =■ RSI (I Ml) 

PSI < IM1 )  =  TEMPI 

BETA(I)  =  PETA(IMly*rEICMn/TEMP2' 

TEMPI  =  TEMr-2 
ALPHA ( I )  =  If/ TEMPI 
REALI  =  I 

105  S I G <  I  + 1  )  =  RErtLI*ALRHA<  I)*SIG<I • 

110  ,  PSI(K)  =  TEMPI 

CXlMPUTC  CUEFF  It  1  ENT  S  Cv<  *  ) 

INITIALIZE  V<»)  AND  WOT),  G<2>  IS  SET  DATA  STATEMENT 

If  / NS  .C-T.  1)  00  TO  120'  "x  . 
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I 

I 

» 

I  £f  * 


DO  110  IQ  =  1  ,K 

TEMF'3  =  I Q#  CIO-11) 

V(IQ>  =  1 . 0  'TEMF'3 
'  110  U<1Q>  =  V  ( I Q  "> 

GO  TO  140 
C  - 

C  IF  .ORDER  WAG  RAISED  ,  '  UF'DATE  DIAGONAL  PART  OF  V<*> 

C 

120  IF ( N  .LE.  KOLD>  GO  TO  170  , 

TEM^  =  K*KF1 
V<K)  =  1.0/7EAF4 
NSM2  =  NS-2 

IF  <  N 0 A 2  .,LT  .  1)  GO  TO  130 
DO  120  J  =  1 t NSM2 
I  =  K-J 

125  V(I)  =  V<I)  -  ALF'HA  ( J+l )  #V  ( 1  + 1 ) 

C 

c 

C  UPDATE  V<*)  AND  SE’  W<*) 

C 

130  LIMIT1  =  KF1  -  NG 
TEMPO  =  ALPHA (NS) 

DO  135  10  =  1  ,LIMIT1 

V(IQ)  =  V  <  I Q  >  -  TEMPS# V< IQ  FI ) 

135  U(  IQ)  =  V <  I Q ) 

G(NSP1)  =  W(l) 

C 

C  COMPUTE  THE  G<*)  IN  THE  WORK  VECTOR  W(#) 

C 

140  NSr-2  =  NS  +  2 

IF  ( K  F- 1  .LT,  NSF'2  >  GO  TO  199 
DO  150  I  «  NSP2»NP1 
LIMIT2  =  KP2  -I 
TEMF'6  =  ALPHA ( I- 1) 

DO  145  IQ  =1 f LIMIT2 
145  U'IQ>  =  W ( IQ)  -  TEMP6#U ( I tH  1 ) 

150  G ( I )  =  U(l) 

199  CONTINUE 

C  ***  END  DLOCN  1  ***  • 

C  J  _ 

C  **#'  DEGIN  BLOCK  2  *#* 

C  PREDICT  A  SOLUTION  P(*>  ,  EVALUATE  DERIVATIVES. USING 
C  PREDICTED  SOLUTION,  ESTIMATE  LOCAL  CRF'OF.  AT  ORDER  K  AND 

C  ERRORS  AT  ORDERS  K,  K-l,  K-I  AS  IF  CONSTANT  STEF-  SIZ  WERE  USED 

A'  ‘  '  . 

U  .  ■ 

c 

C  CHANEL  PHI  TO  PHI  STAR 
C 

IF  <K  .LT.  NS'  1)  GO  TO  215 
DO  210  I  *  NSF1 1  ,  K 
TEMPI  =  DC  T  A < 1 ) 
w  DO  205  L  --  1  ,NEON 
205  r  PHI <L » I >  =■  TLMPl*rni  (L  ,l' 

21 A  CONTINUE 

C 

C  PR-f-L'ICT  SOLUTION  AN!;  DIFFERENCES 

273 


215  DO  220  L  =  1»NEQN 

F’HI  ( L  » KF‘2  >  =  FHKLfKPl) 

F‘HI  (l»KF  1 )  =  0.0 
220  F(L) .  =  0.0 

DO  230  J  =  1,K 
I  =  KF  1.  -  J 
I  FI  =  HI 
TEMP2  =  G< I) 

DO  225  L  =  l.,NEQN 

F(L)  =  F'(L)  4  TEMP2*PHI'LrI> 
225  PHI <  L  > I >  =  F'HI  <  L  » I )  4  PHI<LfIPl> 
230  CONTINUE 

IF  < NOFiND )  GO  TO  240 
DO  235  L  =  1 t NEON 

TAU  =  H*P<L)  -  PHI < L » 15) 

P  ( L  )  =  Y  <  L  >  +  TAU 
PHI(L»16>  =  <P<L)  ~  Y(L>)  -  TAU 
GO  TO  250 
DO  245  L  =  1 ,NEQN 

P<L)  =  Y  <  L )  4  K*P<L>  . 

250  XOLD  =  X 
X  =  X  4  H 
ABSH  =  AES(H) 

CALL  F(X,P»YP> 


235 


240 

245 


C 

C 

c 


ESTIMATE  ERRORS  AT  ORDERS  K,  K-l»  K-2 

ERNM2  =  0.0 
ERKM1  =0.0 
ERK  =  0.0 
DO  265  L  =  1 t NEON 
TEMP?  =  1 ,0/WT<L) 

TFMP4  =  YP ( L )  -  PHI<L»1) 

IF <NM2 >265,260, 255 

255  FRKM2  =  ERNM2  4  < ( PHI ( L  * KM1 > 4TEMP4  > ♦TEMP 3 >  #♦ 
260  ERNMl  =  ERKMl  4  ( < PHI < L , N > 41 LMP4 ) *TCMR3 > **2 
ma;  ERK  =  ERN  4  (  TEMP4*  TEMF'3 )  **2 
I F ( KM2  >  290 » 275 » 270 

2"’0  ERNM2  *  APSH*SIG(KM1 ) #GSTR< KM2)*S0RTjC ERNM 

275  ERKMl  =  ABSM#SI G  ( K )  *GSTR  ( NM1 )  *S|QRT  <  ERKMl-) - 

200  TEMPS  =  ABSH*SORT(ERN> 

ERR  =  TEMP5<<G<KY  -  G<KP1>) 

ERR  =  TEMP5*SIG<KP1  )*GSTF;<K) 

NNf  U  =  N  ' 


C 

C 

C 


TEST  IF  ORDER  SHOULD  BE  LOWERD 


I T  <  KM2  )  29? 1 290  r  2t5 
2P5  IF ( AM AX  1 (ERNMl f  ERKM2 )  .LE.  ERK '  KNEW  =  KM1 
GO  TO  296 

290  IF  <  ERKMl  ,  LE .  0.5*ERK>  KNEW  =  KM1 

c  r 

C  TEST  IF  STEP  SUCCESSFUL 
C 

2r-9  IF  (ERF.  .LE.  EPG>  GO  TO  400 
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C  ***  END  BLOCK  2  *** 

C 

C  *♦*  BEGIN  BLOCK  3  **¥ 

C  THE  STEP  IS  UNSUCCESSFUL.  RESTORE  X,  PHI {*,*>, 

C  PSI<*>.  IF  THIRD  CONSECUTIVE  FAILURE,  SET  ORDER  TO  ONE. 

C  IF. STEP  FAILS  MORE  THAN  THREE  TIMES,  CONSIDER  AN  OPTIMAL 
C  STEP  SIZE.  DOUBLE  ERROR  TOLERANCE  AND  RETURN  IF  ESTIMATED 
C  STEP  SIZE  IS  TOO  SMALL  FOR  MACHINE  PRECISION. 

C  *** 

C 

C  RESTORE  X,  PHI<*,*)  AND  PSI<*) 

C 

F'HASEl  =  .FALSE. 

X  =  XOLD 
DO  310  I  =  1,K 

TEMPI  =  1 . O/BETA ( I) 

IP1  =1+1 

DO  305  L  =  1 , NEON 

305  F‘HI<L,I>  =  TEMF‘1*  <  PHI  ( L  » I  >  -  PHI<L,IP1>> 

310  CONTINUE 

I F  <  N  .LT.  2)  GO  TO  320 

DO  315  I  =  2,K 

315  PSI(I-l)  =  PSI<I)  -  H 

C  ON  THIRD  FAILURE,  SET  ORDER  TO  ONE,  THEREAFTER,  USE 
C  OPTIMAL  STEP  SIZE 
C 

320  IFAIL  =  IFAIL  +  1 
TEMPO  =  0.5 

IF < IF  AIL  -  3)  335,330,325 

325  IF(P5EF-S  .LT.  0.25*ERK)  TEMP2  =  SQRT(P5EF'S/ERK) 

330  KNEW  =  1 
335  H  =  TEMP2*H 
K  =  KNEW 

ir(ABS(H)  ♦  GC  .  FOUR'J*ADS(X  '  )  GO  TO  340 
CRASH  =  .TRUE. 

H  =■  SIGN(FOURU*ABS<V>  ,H> 

EPS  =  EPS  +  ERS 
RETURN 

340  GO  TO  100 

C-  ***  END  BLOCK  3  *** 

C 

C  ***  .  BEGIN  BLOCK  4  *** 

C  THE  STEP  IS  SUCCESSFUL-.  CORRECT  THE  PREDICTED  SOLUTION, 

C  CVALUA1C  THC  DERIVATIVES  USING  THE  COLLECTED  SOLUTION 
C  AND  UPDATE  THE  DIFFERENCES.  DETERMINE  BEST  AND  SIZE 
C  FOP  NEXT  STEP. 

C 

400  HOLD  =  K 

••  MOLD  -  H 
C 

C  CORHCET  AND  EVALUATE 
C 

TEMPI  =  H*G<KF1) 

IF ( N0C  ND >  GO  TO  410 
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DO  405  L  =  1VNEGN 

RHO  =  TEMP  1  *  «.  YF'  (  L  )  -  F'HI  ( L  » 1 ) )  -  F'HICL,16) 

Y  ( L )  =  R<L)  +  RHO 

405  F'HI  < L » 15 )  =  0<U  -  P<LD  -  RHO 
GO  TO  420 

410  DO-  415  L  =  1*NEQN 

415  -  Y ( L )  =  F(L)  +  TEMF1*( YF(L)  -  PHI(L»1>> 

420  CALL  F(X,Y,YF'i 
C 

C  UPDATE  DIFFERENCES  FOF;  NEXT  STEP 
C 

DO  425  L  =  1 t NEON 

F'HI  (L  » NF'l  >  =  YF'(L)  -  PHI(Lrl) 

425  PHI  ( L  »NF'2 )  =  PHI <L, KF1)  ~  PHI(L»NP2) 

DO  435  I  =  UK 

DO  430  L  =  1,NCQN 

430  F'HI  <  L » I )  =  F'HI  ( L  »  I  >  +  F'HI  <LrKF*l  > 

435  ASE1  =  .FALSE. 

IF  (PHASED  GO  TO  450 

IF  ( KNEW  .EO.  NMD  GO  TO  455 

IF(KP1  . GT .  NS)  GO 

TO  460 

DO  440  L  =  1,NCQN 

44^  EPKF'l  =  ERK  PI  +  <F'HI  (L,KP2I/«T(L)>#*2 

ERNP1  =  ABSHfGSTF; <  NF'l )  *SQr'T  (  ERNP1 ) 

C 

c  UC'NG  ESTIMATED  ERROR  AT  ORDER  K+l,  DETERMINE 
C  APPROPRIATE  ORDER  FOR  NEXT  STEF' 

C 

I F ( N  .GT.  D  GO  TO  445 

IF  <  ERNF'l  .GE.  0.5*EF:K)  GO  TO  460 

GO  TO  450 

445  IF  ( ERKM1  .LE.  AMIN1  ( ERN  »ERNF'l )  >  GO  TO  455 

IFCERNPi  .GE.  ERK  .OR.  K.  .EQ.  12)  GO  TO  460 

C 

C  Hr  pr  FP‘T'1  .LT.  ERN  .LT.  AMAYl  t  EPNMDEPKM2 )  ELSE 
I  •  ORDER  WOULD  HAVE  BEEN  LOWER!'  IN  BLOCK  2.  T* *05  ORDER 
C  IS -TO  DE  RAISED 
C 

C  RAISE  ORDER 
r 

450  N  =  NF'l 

ERK  =  ERKF'l 

GO  TO  4,60  ’ 

C 

c  LOVER  ORDER 
455  .  K  =  KM1  • 

ERN  =  EF:NM: 

C  WITH  NEW  ORDER  DETERMINE  AFT'ROrF;IATE  STEP  SIZE  FOR  NEXT  STEF' 
C  • 

460  VfNEW  =  H  4  H 

IF  (PHASED  GO  TO  465 

ir<P5EF  S  .GE.  ERN#TUO<KJ 1 )  )  GO  TO  465  ' 

.  ITNEW  =  H  , 

IF  <P55  F'S  ,  GE  .  ERN.)  GO  TO  465 


noon  non  non  n n 


TEMP2  =  K41 

R  =  (P5EPS/ERK)**(1 .0/TEMP2) 

HNEW  =  ABSH*AMAX1 ( 0 . 5 .AM AX 1 <  0 . 9 ,R ) ) 

HNEW  =  SIGN<AMAX1<HNEU,FGL'RU*ABS(X)  >  ,H) 

465  H  =  HNEW 

Return 

C  •  ***  END  BLOCK  4  *** 

END 

C************ ******************** **************** 

SUBROUTINE  INTRF 

************************************************ 

SUBROUTINE  INTRP  <X  ,  Y  ,  XOUT  ,  YOUT.,  YPOUT  ,  NEON  f  KOLD ,  PHI ,  F'SI ) 
DIMENSION  Y  <  NEON ),  YOUT  <  NEG, N ),  YPOUT  <NE(JN),  PHI  (NEON,  16) 
DIMENSION  PSI (12) 

DIMENSION  G<  13) ,U< 13) ,RHQ( 13) 

DATA  G ( 1 ) / 1 . 0/ , RHO < 1 ) /I . 0/ 

HI  =  XOUT  -  X 
KI  =  KOLD  +  1 
KIP1  =  KI  +  1 

INITIALIZE  U<*>  TOR  COMPUTING  G<*) 

DO  5  I  =  1,KI 
TEMPI  =  I 

5  U(I)  =  1.0/TEMPI 

TERM  =0.0 

COMPUTE  G<  * ) 

DO  15  J  =  2 , KI 
JM1  =  J  -  1 
PS1JM1  =  PSI(JMl) 

GAMMA  =  <  HI  +  TERM ) /PSI JM1 
ETA  =  HI/PSI JM1 
LIMIT1  =  K I P 1 ‘ -  J 
DO  10  I  r  1,L1M1T1 

10  W(I)  -  GAMnft*U<I>  -  ETA*U<IH) 

G  (  J )  =  W  <  1 ) 

RHO(J)  =  GAMMA*RHO<  JM1 ) 

15  TERM  =  PSIJM1 


INTERPOLATE 

DO  20  L  =■  1  r  NEON 
YPO'JT < L  )  =0.0 
20  YOUT < L  )  =  0.0 

DO  30  J  =  1 , KI 

I  =  KIP1  -  J 
TEMPO  =  G(I) 

TCMP3  =  RHO  < I > 
r  DO  25  L  *  1#NEGN 

YOUT(L)  =  Y OUT < L  )  +  TEMP2*r'HI  <L ,  I  > 

25  YF’OUT(L)  “  YROUT  (L)  4  TEMP3*PHI  ( L  ,1  ) 

30  CONTINUE 

DO  35  L  =  I .NEON 


35  .  YOUT(L)  =  Y  <  L  >  4  HI*YOUT<L> 

RETURN 
END 

END  OF  FILE 


This  subroutine  generates  a  plot  of  the  desired 
response  which  can  be  printed  on  a  line  printer. 

SUBROUTINE  LPLOTS<NXPMAXrNYPMAX»IPLOT> 

ct  libary  of  plot  subroutines  * 

CK  PMNT  CUT  ON  LINE  PRINTER  ONLY» 

c*******«********************************************* 

C  **************************** 

C  SUB  LPLOTS 

C  *********#$***************** 

c 

DIMENSION  IXYa01,71),IBUF(l00) 

COMMON  /HOPY/  IPOfXOLD  pYOLD? ANXP 
COMMON  /LIXY/  IXY»NX»NY 
DAT*  I BLANK/*  V 
NX  »  NXPMAX 
NY  ■  NYPMAX 
DO  1  I  *  1»NX 
DO  1  J  *  If NY 

IXY (ItJ)  *  IBLANK 

1  CONTINUE 

c  t>  CALL  PL0T6<I*Ur.t00,B.5,U.,-PRlN300«- 

c  IF (IPO  .GE.  l>  CALL  PLOTS ( 0 »0» AHPLOT > 

RETURN 

END 

C*********************************** 

c  SUB  LTITLE 

C*********************************** 

SUBROUTINE  LTITLECNITTpXTT) 

DIMENSION  IT(4>,ITT<4> 
c  COMMON  /LIT/  NIT » IT 

L  NIT  «  NITT 

DO  1  1  ' 

IT< I >  -  ITT(I> 

.  i  CONTINUE 
C 

RETURN 
L  END 
c  7 

£%%%%%%%%%******■*************** 

c  SUB  LXAXIS 

C****************************** 
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C  JAN.  27,  1 984 
C 

SUBROUTINE  LXAXI S ( XXMI N , XXMAX ,NXXD , ITX , NITX ) 
DIMENSION  ITX  <  4 ) , I TTX ( 60  > 

DIMENSION  IXY<101,71), XLABL (11) 

'  COMMON  /LlXY/  IXY,NX,NY 

-  COMMON  /LITX/  NITTX,ITTX 

COMMON  /LXX./  XMIN, XMAX, NXD , XD, NXF'T 
COMMON  /LXL/  NXLABL, XLABL 
COMMON  /HOPY/  IPO , XOLD , YOLD , ANXD 

DATA  IBLANN/ *  V,IDASH/* - V , IPLUS/ •++++* / 

C 

NXD  =  NXXD 
ANXD  =  NXD 
XMIN  *  XXMIN 
XMAX  =  XXMAX 
C 

C-’ —  X-LINE  - 

NXD1  =  NXD  +1 
NXF'T  =  NXD*10  +  i 
DO  1  I  =  1,  NXF'T 

IXY  < 1 , 1 )  =  IDASH 

1  CONTINUE 
C 

C -  X-MARN  - 

IX  =  1  -  10 

DO  2  I  =  1 , NXD1 

IX  =  IX  +  10 

IXY  < IX , 1 )  =  I PLUS 

2  CONTINUE 
C 

C -  X-LABEL  - 

XD  =  (XMAX  -  XMIN)/NXD 
NXLABL  =  NXD1 

X  *  XMIN  -  XD 

DO  31=  1, NXLABL 

X  =  X  +  XD 
XLABL  < I )  =  X 

3  CONTINUE 
C 

C—  X-TITLE  - 

DO  4  I  =  1,60 
•  ITTX(I)  =  IBL.ANK  ' 

4,  CONTINUE 
C 

N BLANK  =  (NXD* 10  -  NITX)/2  ' 

IF ( NBLANK  ,LT »  1)  NBLANK  *  1 
NITTX  *  NBLANK  +  NITX 
REWIND  9 

WRITE<?,101> (ITX(I) ,1=1,4) 

-  REWIND  9. 

-  N1  =  NBLANK  +  1 

READ ( 9,102 ) (ITTX(I) ,IaNl , NITTX) 

C 

.101  FORMAT ( IX, 4A10) 

102  FORMAT (IX , 40A1 ) 
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-  FRAME  - 

if< ipn  »ge .  i)  Then 

CALL  NEWPEN  <  2 ) 

CALL  PLOT ( 1 »  ,  1 .  ,  -3  > 

"  CALL  SYMB0L(0. ,0. ,0.28,3,0  ,-l) 

-  CALL  SYMBOL ( 0., 11., 0.28, 3,0., -I ) 

CALL  SYMB0L<8, 5,0, ,0.28,3,0. ,-l> 

.  CALL  SYMB0L(8. 5, 11. ,0.28,3,0. ,-l) 

IF < IPO  .GE,  3)  THEN 

CALL  SYMBOL <0. ,12. ,0.28,3,0. ,-l) 

CALL  SYMBOL  <0, ,23. ,0.28,3,0.,-!) 

CALL  SYMB3L<8.5,12. ,0.28,3,0. ,-l) 

CALL  SYMB0L<8. 5, 23. ,0.28,3,0. ,-l> 

ENDIF 

CALL  PLOT <1.5, 2. 5, -3) 

CALL  NEWPEN < 1 ) 

ENDIF 

-  AXIS  t— 

IF ( IPO  ,GE.  1)  CALL  AXIS ( 0 , , 0 . » ITX , -NITX , ANXD, 0 ♦ , XXMI N , XD ) 

IF<IPO  .GE.  3)  CALL  AXIS ( 0 ., 12 ., ITX , -NITX , ANXD , 0 ., XXMIN , XD ) 

XOLD  ■  l.E+9 
RETURN  ’ 

END 


****  ******  #  *******  ********  *■ 
SUB  LYAXIS 


JAN.  27,  1984 

SUBROUTINE  LYAXIS< YYMIN , YYMAX ,NYYD , ITY , NITY ) 

.  DIMENSION  IT  <  4 ) 

DIMENSION  ITY< 4 ) , ITTY < ?i ) 

DIMENSION  I XY (101, 71) , YLABL (8) 

COMMON  /LIXY/  IXY,NX,NY 
COMMON  /LIT/  NIT, IT 
COMMON  /LITY/  NITTY, ITTY. 

COMMON  /LXX/  XMIN , XMAX , NXD , XD , NXPT 
COMMON  /LYY/  YMIN , YMAX ,NYD , YD . NYPT 
.  COMMON  /LYL/  NYLABL, YLABL 
COMMON  /HOPY/  IPO, XOLD, YOLD, ANXD 
DATA  I  BLANK/  *  V,  ISLOT/*  .  .  .  .  V ,  IPLUS/ *  +-H  t  V 
C 

NYD  *  NYYD 
*NYD  «  NYD 
^MIN  »  YYMIN 
YMAX  «  YYMAX 

C  . 

C—  Y-LINE 

NYD1  *  NYD  +  1 


on  no  on 


NYF'T  =  NYDfclO  +  1 
DO  1  I  =  1, NYFT 

IXY d  » I )  =  ISLOT 

1  CONTINUE 

-  Y-MARK  - 

IY  =  1  -  10 
DO  2  I  =  l.NYDl 
IY  =  IY  +  10 
IXY  d  » I Y )  =  I PLUS 

2  CONTINUE 

-  Y-LABEL  - 

YD  =  ( YMAX  -  YMIN)/NYD 
NYLABL  =  NYD1 
Y  =  YMIN  -  YD  , 

DO  3  I  =  1 »NYLABL 
Y  =  Y  +  YD 
YLABL  < I )  =  Y 

3  CONTINUE 

-  Y-TITLE  - 

DO  4  I  =  1» 71 

ITTY  < I >  =  IBLANK 
-  4  CONTINUE 

r 

NBLANK  =  <NYD*10  -  N‘ITY>/2 
IF ( NBLANK  .LT .  1)  NBLANK  =1 
NITTY  =  NBLANK  +  NITY 
•  REUIND  9 

WRITE  <9, 101)dTYd), 1  =  1,4) 

REUIND  9 

N1  =  NBLANK  +  1 

READ ( 9 , 1 02)  dTTY  d  ) ,  I=N1  , NITTY) 

C 

101  FORMAT  dX»4A10) 

102  F0RMATdX,40Al  > 

C  ‘ 

C -  PLOT  TITLE,  - 

0  IF  ( IPO  ,GE.  1)  CALL  SYMBOL  <  1 .  ,ANYD+1 .,  0 . 14 ,  IT,  0 .,  NIT  ) 

C  IF(IPO  ,GE.  1)  CALI.  SYMBOL < 1 . , ANYD+12 » +  1 ,, 0.14, IT, C*. NIT) 

C  •  . 

C  IF ( IPO  , GE,  1)  CALL  PLOT < ANXD, 0 , ,3 ) 

C  IFdPO  . GE .  1)  CALL  PLOT ( ANXD , ANYD , 2) 

C  IF ( IPO  ,GE  *  1)  CALL  PLOT < 0 . , ANYD , 2 '  , 

C  IFdPO  .GE.  1)  CALL  PLOT ( 0 , ,0 . , 3) 

C  • 

C  I F  < I PO  .GE.  1)  CALL  AXIS< 0 . ,0 . , I TY , NITY , ANYD , 90 . , YYMIN , YD ) 

C  IFdPO  .GE.  2)  CALL  AXI S  <  0  ,  ,  ANYD ,  *  *  ,  1 ,  ANXD,0.  ,XMIN,XIO 

C  IFdPO  ,GE  .  2)  CALL  AXIS<  ANXD,0. ,  *  * » - 1 ,  ANYD ,90.  ,  YYMIN,  » D  > 

C  ' 

,C  IFdPO  .GE.  3)  CALL  AXIS  <  0 .,  12 .,  ITY,NITY,  ANYD, 90  .,  YYMIN  ,  YD  ) 

C  IFdPO  .GE.  CALL  AXIS(0.  ,ANYD+12.  ,  *  * ,  1  ,  ANXD 0  .  ,  XMIN ,  XD  > 

C,  IFdPO  .GE.  3  >  CALL  AXIS<  ANXD,  12.',  *  *  ,-1 ,  AN  YD,  90.  ,  YYMIN,  YD) 

YOLD  =*  l.E+9 
\  '  RETURN 


232 


9 

g  ^ 

i 

i 

I  »> 

E 

I 


END 

C 

C******************* *********** 

C  -UB  LGRID 

C****************************** 

C 

C  JAN,  27,  1984 
C 

SUBROUT I NE  LGRID ( XGR I D , YGR I D ) 

DIMENSION  IXY (101,71) 

COMMON  /LIXY/  IXY, NX, NY 
COMMON  /LXX/  XMIN , XMAX , NXD , XD,  NXF'T 
COMMON  /LYY/  YMIN , YMAX , NYD , YD , NYFT 
DATA  I DOT/ *.».♦“/ 

C 

C -  X-GRID  — 

GD  =  XGRID/XD*10» 

GX  ■  0 

DO  1  I  =1,101 
GX  =  GX  +  GD 
IX  =  GX  +  1.5 
IF <  IX  ,GT.  NXF'T )  GO  TO  2 
DO  3  J  =  2  ,NYF'T 

IXY  (IX,  J)  =  j,DOT 

3  CONTINUE 

1  CONTINUE 

2  CONTINUE 
C 

C—  Y-GRID  --- 

GD  =  YGRID/YD*10 .  . 

GY  =  0 

DO  4  I  =  1,71 
GY  =  GY  +  GD 

IY  =  GY  +  1.5, 

IF  < I Y  ,GT .  NYFT)  GO  TC  5 
DO  6  J  =  2, NXF'T 

IXY  <  J , I Y )  =  IDG" 

6  CONTINUE 

4  CONTINUE 

5'  CONTINUE 

C 

RETURN 

END 

C 

C *********  *  ****************  H*** 

C  SUB  IF'LOT 

C**  **********************  ♦*!<*** 

C 

C  UPDATE*:  MAY.  31,  1984 

C  ORIGINAL/.  JAN.  27,  1904 
C 

9UBF:0UTINE  LF'LOT  <  X ,  Y  ,  IMARK  ,HMARK  ,  IL INE ) 
filMENSION  IXY  ( 101 , 71 )  ■  ICH<  40 ) 

COMMON  /LIXY,/  IXY, NX, NY 
.  COMMON  /LXX/  XMIN, XMAX, NXD, XD, NXF'T 
COMMON  /LYY/  YMIN, YMAX, NYD, YD, NYFT 
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» 


1  XT 


I 


I 


j  6* 

i* 

i 


COMMON  /HCOPY/  I PO , XOLD , YOLD ,ANXD 
DMT A  ICH/1H1 ,1H2,1H3,1H4,1H5,1H6,1H7, 1H8,1H9,1H0, 
+  lHA,iHB,lHC.lHD,lHE,lHr,lHG»lHH,lHI  ,1HJ, 

+  1HK,  1HL,1HM,  lHNrlHOflWF'rlHG,  1HP,1HS,1HT, 

+  1HU , 1HV  , 1HU  »1HX»1HY, 1HZ  ,lH?,lH*»lH-flH4/ 

C 

•IX  =  <X  -  XMIN)/XD*10.  4  1.5 


IY 

= 

(Y  - 

YMIN) /YD*10 , 

.  4  1 

IF  < 

IX 

.LT. 

D  IX 

=  1 

IF  ( 

IX 

.GT. 

NXPT ) 

IX  = 

NXPT 

IF  ( 

IY 

.LT. 

1)  IY 

=  1 

IF  ( 

IY 

.GT. 

NYPT ) 

IY  = 

NYPT 

IXY  < IX » I Y }  =  ICH(IMARK) 

C 

ir<IPO  .LT.  1)  60  TO  21 

IF  <  X  »6T .  YMAX  .OR .  X  .LT.  XMIN)  GO  TO  21 
IF  <  Y  .  G.T .  YMAX  .OR.  Y  .LT.  YMIN)  GO  TO,  21 
X  =  (X  -  XMIN > /XD 

Y  =  <Y  -  YMIN) /YD 

DIST  =  SORT <C XOLD  -  X)*(XOLD  -  X)  4  (YOLD  -  Y)*(YOLD  -  Y)' 

IF < DIST  .LT.  0.1  .AND.  BIST  .LT.  0.1)  GO  TO  11 

HIGH  =  0.07*HMARR 

IF  <  HI GH  .LT.  0.07)  HIGH  =  0.07 

IF (HIGH  .G7.  1.)  HIGH  =  0.07 

C  IFdLINE  .LT.  1)  CALL  SYMBOL  ( X ,  Y  ,  HIGH  ,  ICH  ( IMARN  ),  0 .,  1  ) 

C  IF(IFO  .GE.  3)  CALL  SY MBOL < X,Y4 12 ., HIGH, ICH ( IMARN ), 0 ., 1 ) 

XOLD  *  X 
YOLD  =  Y 

11  X  *  XMIN  4  X*XD 

Y  =  YMIN  4  Y*YD 

21  CONTINUE 

RETURN 

END 

C 

C************ ***************** 

C  SUP  LLINE 

C********»********»******* **** 

c 

C  MAY.  30,  1984 

C 

SUBROUTINE  LLINE<X,Y,N) 

DIMENSION  X(N) ,Y(N> ,X1 ( 1000), Y1 < 1000) 
common'  /lxx/  xmin,xmax,nxd.xd,nvpt 

COMMON  /LYY/  YMIN, YMAX , NYD, YD , NYPT 
COMMON  /HOr-Y/  IPO, XOLD, YCLfc,A«*l' 

C  ...  ■ 

IF (IPO  .LT.  1)  GO  TO  3 
C 

C -  LINE 


DO  1  I,  =  1  ,N 
XX  =  X(  1  ' 
YY  =  Y  <  I  > 

IF ( XX  .LT. 

XMIN) 

XX  * 

XMIN 

IF  <  YY  .LT. 

YMIN) 

YY  s 

YMIN 

IF  <  XX  .GT. 

y Mf  x  > 

yy  « 

■  XMAX 

IF  C  YY  .C-T. 

YMAX  ) 

YY  « 

'2  84 

YMAX 

nr 


XI  ( I ) 

=  XX 

Y1(I> 

=  YY 

CONTINUE 

NP  =  N  + 

-> 

«Sm 

XI  (NF-l) 

=  XMIN 

XI (NP)  = 

XD 

Yl(NF-l) 

=  YMIN 

Yl(NP)  = 

YD 

CALL  LINE (XI, Yl, 

3  CONTINUE 

RETURN 
END 
C 

C**************************** 

C  SUB  LSYMBO 

C** ************************** 


C  UPDATEX  MAY.  31,  1984 
C  ORIGINALX  MAY.  31,  1984 
C 

SUBROUTINE  LSYMBO(XS,YS, ITTS, NITTS) 

DIMENSION  ITTS ( 4 ) 

C  COMMON  /LXX/  XMIN , XMAX ,  NXD ,  XD ,  NXF'T 

C  COMMON  /LYY/  YMIN , YMAX , NYD , YD> NY FT 

C  COMMON  /HCOpY/  IPO,XOLD,YOLD,ANXD 

C 

C -  SYMBOL  - 

X  *  (XS  -  XMIN ) /XI* 

Y  »  < YS  -  YMIN ) /YD 

C  IF  ( IF’O  ,GE.  1)  CALL  SYMI  OL (  X ,  Y , 0 . 1 4 , 1 TTS , 0 .  , NITTS 

C  IFOIFO  .GE.  3)  CALL'SYMB0L(X,Y+12. ,0.14, ITTS, 0. , NITTS) 

C 

RETURN 

END 

C 

C* ******  *********************** 

C  SUB  L PRINT 

C** *****************  *********** 

c 

C  UpDATEX  APR,  13,  1984 
C  ORIGINALX  JAN,  27,  1984 
C 

SUBROUTINE  LF'RINT  <  IPAGE  ) 

DIMCNSION  I XY <101, 71)  •  . 

D I  ML NS I  ON  I T  <  4  ) 

DIMENSION  I TX  <  60 >  ,Xl  ABl  <  1 1 ) 

DIMENSION  I  TTY <  71 > , YLADL ( 8 ) 

COMMON  /LIXY/  IXY,NX,NY 

COMMON  /LIT/  NIT, IT 

COMMON  /litx/  NITTX,ITTX 

COMMON  /LXX/  XMIN, XMAX, NXD, XD,NXF‘T 

•COMMON  /LXL/  NXLABL , XLADL 

COMMON  /LITY/  NITTY, ITTY 

COMMON  /L  YY  /  YMIN,  YMAX, NYD, YD, NYPT 

COMMON  /LYL/  NYL ABL , Yl ABL 

COMMON  /HOPY,'  IFO,XOLD,YOLD,ANXD 


285 


on*  non  no  odooono 


DATA  I BLANK / *  V 


PRINT  PAGE  - 

-- 

-IF  ( IPAGE 

■  .GE. 

1  > 

WRITE (7 

,100) 

-IF  <  IPAGE 

.GE. 

1 

.AND. 

IPO  . 

GE. 

IF< IPAGE 

.LT. 

1 

.AND. 

IPO  . 

GE. 

IF < IPAGE 

.GE. 

o 

4. 

.AND. 

IPO  . 

GE. 

—  PRINT  TITLE  — 
WR ITE  <  7 , 1 06  > I T 
WRITE<7,105^ 


1)  CALL  PLOT (8., -3. 
1)  CALL  PLOT < 8. , -3. 
1 >  CALL  PLOT  <  0 . » 0 . » 


-  PRINT  IXY  - 

ICOUNT  =0. 

ILABL  =0 

DO  1  I  =  lrNYPT 

K  =  NYPT  -  I  +  1 

ICOUNT  =  ICOUNT  +  1 

IF  < ICOUNT  .EG.  10)  ICOUNT  =  0 

IF( ICOUNT  .  EG .  1)  ILABL  =  ILABL  +  1 

IF< ICOUNT  .NE.  1)  GO  TO  2 

IL  =  NYLABL  -  ILABL  +  1 

WRITE (7, 101)ITTY(I),YLABL<IL),<IXY< J,K) , J=1 ,NXPf ) 
2  CONTINUE 


-  CLEAN  IXY  - 

DO  4  I  «  1, NX 
DO  4  J  =  1,NY 

IXY  <  I  »  J  >  =  IBLANK 

CONTINUE 

FORMAT  - 

100  format<ihi> 

101  rof  .mm < ix,av,ix,f7 .2,i> , leiAi > 

102  FORMAT < IX, A1 , 1X,7X, IX, 101A1 > 

103  FOF;MAT  ( IX ,  4X ,  1 1  < F9 . 2 ,  IX )  ) 

104  FORMAT ( / » IX ,  1 1.X ,  1 01 A1  > 

105  FORMAT <//) 

106  F0F'MAT<12X,10X,4A10) 

C 

RETURN 

enh 

FNH  OF  FILE 


999) 
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m  w> 


non 


This  routine  is  the  main  program  for  the  simulation. 
It  call's  all  subroutines  listed  above  and  the  final  output 
is  the  tabulated  data  of  the  desired  time  response  for  a 
given  input  and  desired  output (s).  This  data  is  used  in  the 
generation  of  the  CALCOMP  plots  of  each  response  and  control 
surface  deflection. 


FTsQC'-am  YSlMU<iNr-infOUTPUTfDOALP-,»MAQUT,PLD1  »WT9;  ■ 

4  ■  TAPE6-0U’  F‘UT  » TM' C7-Ii!f  T ALP  r  TAPED21  SATASUT  ) 

C 

C  2X2  SYSTEM 
C 

C  *»  THIS  IS  THE  MAIN  SIMULATION  PROGRAM .  THIS  »* 

C  **  PROGRAM  CALLS  ALL  SUPrC'UT  1 NES  REQUIRED  IN  ** 

C  **  THE  SIMULATION  PROCESS; .  ** 

C  ** 

C 4**#»*M *******  DIMENSION  *»*4****i»*nt-** 

C 

C -  CASE  - 

DIMENSION  I F:V ( 1 0 ) » I CV <  1 0 ) 

c -  DlOOL 

REAL  Y ( 30 ) 

EXTERNAL  DERV 

DIMENSION  XX<?00)  ,YY<500)  » YY 1  < SCO ) » YY2 ( 000 '*  ,  YY2  <  5,00  >  ,YY4<5>00> 
DIMENSION  YYSCJOO)  ,YY6( S00) 


PLANT  - 


D?  MENS' ON  VM* 1A(2) ,VM12!  (?) ,VMJ lt\2 > 

DIMENSION  U''}?A(3)  ,VMJ2I  '3> 

D1  MCnS  1C'-  Vf.l'lA  (  2  )  , '  -  «•-  2  1 !  <2  v,VM2lC<3> 
D j  ml  NS  ION  UM22A<3) fVM?2D<3> ,VM22C<3> 
DiMLN ulON.  VN3 1A<3) 

DIMENSION  VN’12A(3) 

D 1 MENS ION  VN21 A  <  3  > , VN2 ID  <  2  > 

DIMENSION ■ VN?2A(3> ,VN22l (3) 


Cf ******  *** *****  COMMON  *************** 

c 

COMMON  /Cll/  C11A»C  111  *  C 1 1 C 


COMMON 

V.  L-  “  -  *• 


/c: 2/  C12A.C12D 
/■:.  :  ■  ■  (.  i :  a  .  ss  ii . 


OO^ON  /C 22/  C22A  t  C22D  »C22C 
COMMON/D 11/  D 3 ?  A , D 1 2 A , D 2 1 A , D 2 1 D , D 2 2 A , D 
/t  /  nr.,npi  ,rir  2fF2K,r2Pi  ,r2P2 


;D 


COMMON  /G1  /  03  K.G121 ,  0 1 2.2 . 01  Z3  »G  1 24 
COMMON  / G 1  r  /  G I  r •  1 ,  G 1  p 2 , c ;  f  3 ,  G 3  R < G 1  f  •  S , G  3  p ( 


c 


c 


c 

G 

C 


C 


C 

c 

c 


c 


COMMON 

/G2/  G2 

K , G22 1 , G2P1 ,G2P2 ,  l 

COMMON 

COMMON 

COMMON 

/R/  Rl, 
,/C/  Cl, 
/D/  Dl, 

R2 

C2 

D2 , DD1 , DD2 

DATA 

— 

Cr-.MON 
Cl  if  MON 
CL  1M0N 
COMMON 

/VM1 1/ 
/VM1 2/ 
/VM21/ 
/VM2 2/ 

VM11A.VM1 IB , VM1 1C 
VM12A  *  VM12B 

VM21 A , VM21B , VM21C 
VM22A , VM22B , VM22C 

COMMON 

COMMON 

COMMON 

COMMON 

•  CASE 

/VN1 1/ 
/VN12/ 
/VN21 / 
/VN22/ 

VN11A 

VN12A 

VN21A,VN21B 

VN22A  *  VN22B 

i 

DATA  NC/1/ 

DATA  IRV/2,1,1, 1,1, 1,4*0/ 
DATA  ICV/3, 1,1, 1,1, 1*4*0/ 


.  C***************  MAIN  PROGRAM  ************* ** 


C 

C -  P  <  S  >  - 

C 

CALL  DATA 
C 

c -  F1(S) 

C 


C  **c 

C  **  PRE-FILTER  VALUES  FOR  LOOP  ONE  ** 
C  ** 

c  ' 

C  F1K . =  .63*. 63 

FIN  =  .9  ■ 

C 

C  F1P1  =  2. *.7*. 63 

FI PI  =  .9 

C  F1P2  =  .63*. 63 

F1P2  =  1 . 

C 

C -  F2(S  *  - 

C 

c  ** 

C  **  PRE-FILTER  VALUC5  FOR  LOOP  TWO  ** 

C  ** 

e 

t  F2N  =  1.2*1. 2 

-  F7N  =  .512 

C 

C  F2P1  =  2. *.7*1 <2 

F2P1  =  ,5 
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*rr 


C  F2P2  =  1.2*1. 2 

F2P2  =1. 

C 

C -  G1  ( S )  - 

C 


C  ** 

C  **-  COMPENSATOR  VALUES  FOR  LOOP  ONE  ** 

C  **- 

C 


G1K  = 

= 

1 .946E  +  10 

G1Z1 

zz 

4. 

G1Z2 

■  = 

4. 

G1Z3 

= 

17. 

G1Z4 

* 

50. 

G1P1 

s 

1800. 

G1P2 

s 

2.25E06 

G1P3 

ss 

10. 

G1P4 

= 

10. 

G1P5 

= 

83. 

G1P6 

= 

100. 

C 

c -  62  (S)  ----- 

C 

c  ** 

C  **  COMPENSATOR  VALUES  FOR  LOOP  TWO  ** 
C  ** 

C 

G2N  =  2.36E07 
C 

G2Z1  =7. 

C 

G2R1  ~  1 92. 

G2P2  =  25600. 

G2P3  =  50. 

C 

c 


c -  INPUT  R  <  I )  - . 

R1  =30. 

R2  =  5. 

C 

C***************  DATA  CHECK  *************** 

C  IF ( NC  .NE.  NC)  THEN 

C  .  ’  DO  9  I  ■  1,3 

C  WRITE < 7, *>/»/,/»* CASC  =  *,I 

C 

C  WRITE  (7,  *)/,/,  •fill*  ,VM1 1 A  <  I  >  ,VM11D<I )  ,  VM1 1C<  I ) 

C  WRITE <7, *)/,/, "Ml  2*  rVM12A( I) ,VM12B( I) 

C  WRITE (7, *)/,/, »h21* ,VM21A( I > , VM21D  < I ) ,VM21C(I ) 

C  WRITE  C7,*  > / ,/ , *M22 * , VM22A < I ) , VM22B < I ) , VM22C ( I ) 

c  ; 

C  ^  WR ITE<7, *)/,/, *  N 1 1 *  fVNllA< I ) 

C  '  WRITE ( 7f  * ) / f /, *N12*  f VN12A( I ) 

C  WRITE <  /,*)/,/,* N21  *  ,VN21  A(  I  )  , VN21E' (IV 

C  WRITE(7,*)/f / , *N22  * , VN22A  <  I  >  , VN22D  < I ) 
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non  o  n  o  nor)  noon  o  o  non  no  non  oonooooonooooo 


9  CONTINUE 

WRITE  <  7  »*)/»/»  *F1 <  S ) *  »/» 'GAIN  =  •  » F1K 
WRITE  (  7 » ♦ )  / »  'POLE  %  * ,  / ,  F1P1 ,  /  ,  FI  F'2 

WFilTE  ( 7  ,*)/»/,  *F2  <  S)  ”»/,»  "GAIN  =  *,F2K 
WRITE <7»*)/r  'POLE  7.  • ,  /  ,F2P1 ,  / ,  F2P2 

WRITE ( 7 .*)/»/ , *G1(S) * > / » “GAIN  =  ",G1K 
WRITE  <  7,*)/,  'ZERO  7.  *  ,/ r G1Z1  f  / ,G1Z2 ,  / , G1Z3 ,  /  , G1 24 
WRITE<7»>M/»  "POLE  %  * ,  /  ,G1P1 ,  /  ,  G1P2 ,  / ,  G1F'3 ,  /  ,  G1P4 
+  /f GlP5f / f G1P6 

WRITE  <  7  >#)/,/,  *G2  <  S  )*»/»*  GAIN.  =  ',/,G2K 

WRITE(7,*)/, 'ZERO  Z‘,/,G2Z1 

WRITE  <  7 , * ) / ,  *F'OLE  7.*  , /,G2F*1,/,G2P2,/,G2P3 

STOP 

ENDIF 


***************  DO  CASES 


i************** 


DO  10  III  =  1 , NC 

IR  =  IRV < 1 1 1 ) 

IC  =  ICU(III) 

R1  =  0. 

R2  =  0  • 

IFCIR  .EG.  1)  R1  =  0. 
IF  < IR  .EG.  2 )  R2  =  0. 


---  Mil  - - 

C11A  =  VM1 1 A  < IC ) 
CUB  =  VM1 1B<  IC> 
C11C  =  VM11C< IC) 

—  M12  - -- 

C12A  =  VM1 2A  < IC ) 
C12B  =  UM1 2P ( IC  > 

-  M2l  -  ' 

C21 A  =  VM21AUO 
C21B  =  VM21 B ( I C ) 
C21C  =  VM21C  < IC ) 

r—  M22  - : — 

C  2  2  A  =  VM22A ( IC ) 
C22B  =  VM22BUC) 
C22C  ■=  UM22C'.  IC) 
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on  o  no  o  on  ooooooo  non  non  non  non 


-  Nil  - 

D11A  =  VNllAdC) 

-----  N12  - 

:  D12A  =  VN12A (13) 

-  N21  - 

D21 A  =  gN21A(IC) 

D21B  =  VN21B(IC) 

-  N22  - 

D22A  =  VN22A  < IC) 

D22B  =  VN22B ( I C  > 

***************  INTEGRATION  *************** 

** 

**  SET-UP  REQUIRED  VALUES  FOR  SUBROUTINE  DEGOL 

** 

NE  =  17 
AE  =  l.E-5 
RE  =  1  *  E-6 
MAX  =  1000 
H  =  2.E-4 
N  =  100000 
NP  =  100 
TO  =  0. 

T 1  =  H 

- -  INITIAL  CONDITION  - 

Cl  »  0. 

C2  =  0  . 

D1  =  0. 

D2  =  0. 

DD1  =0. 

DD2  =  0. 

DO  30  I  *  t,NE 
30  Y(I>  =  0, 

-  ITERATION  - 

II  *  0 
IIXY  =  1 
KKXY  =  N/NP 

IF  <  KKXY  ,  LT  .  1)  KKXY  =  1 

. '  DO  40  I  *  1,N 

- -  Y  Y  <  1 1  )  - 

IF( I  . EQ .  IIXY)  THEN 
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11=11+1 

PRINT  122,II,T0,C1»C2»D1,DD1,D2,DD2 
XX(II)  =  TO 
YYl(II)  =  Cl 
YY2  < II)  =  C2 
YY3 (II)  =  IU 
YY4 ( I I >  =  DD1 
YY5  < 1 1 )  =  D2 
YY6 (II)  =  D2 
IIXY  =  I IXY  +  KNXY 
END  IF 
C 

C -  CALL  DEGQL  - 

C  PRINT  122,I,T0,Cl,C2,Dl>DDlrD2fDD2 

IK  =  1 

CALL  DEGOL  < DERV , NE » Y , TO , T 1 , RE » AE » I K » MAX ) 
I F ( I K  ,NE ♦  2)  THEN 
PRINT  *»IK,T0»T1 
STOP 
END  IF 

T 1  =T1  +  H 
C 

c  ** 

C  **  RAMP  INPUT  ** 

C  ** 

C 


I F  ( I R 

.  EG . 

1 

.AND. 

T 1  .LE. 

1  > 

R1 

=  30 , *T1 

IF  ( IR 

» EG . 

1 

.AND. 

T1  . GT . 

1 ) 

R1 

=  30. 

IF  <  IR 

.EG. 

r> 

.AND. 

T1  ,LE. 

1) 

R2 

=  5  ,  *T  1 

IF  <  IR 

.EG. 

2 

.AND. 

T 1  .GT, 

1  ) 

R2 

—  5 » 

40  CONTINUE 
C 

C***************  PLOT  *************** 

NXY  -  II 
PRINT  * ,  NXY 
C 

■  WR I TE  ( 6 » 1 21 )  NX  Y 
C  UF:I  TE  (  7 , 121 )  NXY 

DO  50  I  =  1 f NXY 

WRITE<8fl22)I»XX<I)tYYl<i)»YY2<I) »YY3< I >  »YY4< I ) 
CALL  LF;L<NXY,XXfYYl,l  > 

CALL  LPRINT  <  2 

) 

C 

L-  •’ 

C**********  FORMAT  *********)( 

121  FORMAT ( IX  r 15 ) 

122  FORMAT <lXrI5»7(lX*E9*3)  ) 

C 

STOP 
:  END 

c  r 

c**  *'*****  ********  ******************* 

C  SUB  LPL 

C*********************************** 

c 


292 


C  UPDATE*  AUG.  12,  1984 
C,  ORIGINAL*  AUG.  12,  1984 

C 

,  SUBROUTINE  LPL ( N , X , Y , IC ) 

DIMENSION  X<N) ,Y<N) 

DIMENSION  IIM(IO) ,ITT<4> ,ITY  <4> ,ITX<4> 

C 

:  DATA NITT/  23/ , ITT ( 4 ) / ‘FLT  COND  V 

DATA  NITX/10/, ITX ( 4 )/*  TIME  (SEC)V 
DATA  NITY/5/ ,ITY(4)/*Y1  V 

DATA  I PLOT /O/, ILINE/1/,HMARK/1 »/ 

DATA  I IM/1 1,12, 13, 14, 15, 16, 17, 18, 19, 20/ 
DATA  NX/5/ ,XMIN/0 . / , XMAX/10 . / , XG/2  ♦  / 

DATA  NY/4/ , YMIN/O . / , YMAX/40 . / , YG/1C  .  / 

C 

IF ( IC  .EQ.  1)  THEN 
C  CALL  LPLQTS< 101 ,71 , IPLOT  ) 

IF < IPLOT  ,GE .  1)  CALL  FACT0R(.5) 

CALL  LTITLE (NITT , ITT ) 

CALL  LX AXIS ( XMIN , XMAX , NX , ITX ,NI TX ) 

CALL  LYAXIS(YMIN, YMAX ,NY,ITY,NITY) 

CALL  LGRID(XG, YG) 

END  IF 
C 

C -  LPLOT  - 

IMARN  =  IIM(IC) 

DO  2  1  =  1 ,  N 

CALL  LPLOT  <  X  < I ) , Y ( I ) , I  MARK , HMARK , ILINE ) 
2  CONTINUE 

C 

C -  LINE  - 

IF ( ILINE  .GE.  1  .AND.  IPLOT  ,GE.  1)  THEN 
CALL  LLINE(X,Y,N> 

END  IF 
C 

C  ' 

RETURN 

END 

C 

c*********************************** 

C  SUD  LPL1 

,  C4*4******»Y*»»***4*******Yf-*f»*#**» 

C 

C'  UPDATE*  AUG.  12,  1984 
C  ORIGINAL*  AUG.  12,  '1984 
C 

SUBROUTINE  LPL1 (N,X,Y,IC) 

DIMENSION  X<N) ,Y(N) 

DIMENSION  IIM(10> , ITT ( 4 ) ,ITY<4) ,ITX(4) 

C 

DATA  N ITT/23/ ,ITT(4>/*FLT  COND  V 
DATA  NITX/10/, ITX ( 4 >/* TIME  < £  C ) V 
r  DATA  NITY/5/, ITY<4)/*Y2  V 

DATA  IFLOT /O/ , ILINE/1/ * HMARK/ 1 . / 

DATA  I I M/ 1 ,2,3,4,5,6,7,8,9,10/ 

DATA  NX/5/, XMIN/0./,XMAX/10./, XG/2./ 
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DATA  NY/5/,YhIN/0,/»YMAX/4.25/,YG/l *25/ 

IF  < IC  . EQ .  1)  THEN 

CALL  LF'LOTS(  101 ,71 , 1  PLOT) 

CALL  LTITLE<NITTf ITT) 

CALL  LXAXIS ( XMIN »  XMAX » NX » ITX  > NITX) 

CALL  LYAXIS< YMIN, YMAX , NY , ITY , NITY > 

CALL  LGF:ID <  XG  >  YG  > 

END  I  F 

-  LPLOT  - 

I MARK  =  IIM(IC) 

DO  2  I  =  1 ,  N ' 

CALL  LPLOT ( X < I ) » Y ( I ) , IMARK ,HMARK , ILINE ) 
CONTINUE 

-  LINE  - 

IF < ILINE  .GE.  1  .AND.  IPLOT  .GE.  1)  THEN 
CALL  LLINE(XfYfN) 

END IF  ■ 


RETURN 

END 


Conclusion 


-This  appendix  gives  a  brief  overview  of  the  program 
and  subroutine  used  in  the  simulations  of  the  2x2  lateral 
design.  A  more  detailed  explanation  of  programs  and  sub¬ 
routines  is  contained  in  Reference  19. 


Appendix  H:  Simulation  Responses  for 


F.C. ' s  #1  and  #2 


Introduction 

This  appendix  contains  the  simulation  responses, 
for  F.C.'s  #1  and  #2.  The  characteristics  for  each 
response  are  shown  in  the  accompanying  tables. 

Simulation  Responses  for  F.C.  #1 — 

Bank  Angle  Command 

The  responses  for  a  30  degree  step  input  bank 
angle  command  are  shown  in  Figures  H-l  and  H-2  (complex 
pre-filter  roots) .  The  control  surface  deflections  are 
shown  in  Figures  H-3  and  H-4.  The  characteristics  for 
this  F.C.  are  outlined  in  Table  H-l. 

'  TABLE  H-l 

BANK  ANGLE  COMMAND— F.C.  #1 

Peak  Final  Rise  •  Settling 

Value  Value  Time  Time 


(deg) 

30.6 

30.6 

5.45 

7.35 

e 

(deg) 

0.002 

0.0016 

— 

6r 

(deg) 

-0.264 

*•*  ««► 

— 

6w 

(deg) 

16.6 

«•* 

— 

— 

Fig.  H-2.  Sideslip  Responso--F.C.  #1 


H-4.  Rudder  Dof lection--F.C.  #2 
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The  responses  for  a  30  degree  step  input  bank 
angle  command  are  shown  in  Figures  H-5  and  H-6  (real  pre¬ 
filter  poles) .  The  control  surface  deflections  are  shown 
in  Figures  H-7  and  H-8  while  the  response  characteristics 
are  outlined  in  Table  H-2. 


TABLE  H-2 

BANK  ANGLE  COMMAND — F.C.  #1 


Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

i  (deg) 

30.0 

30.0 

3.60 

6.10 

£  (deg) 

0.003 

0.0016 

— 

— 

i r  (deg) 

0.328 

— 

'  '  — 

;w  ^eg) 

66.0 

— 

— 

— 

4% 


30 


[*j 


The  responses  shown  in  Figures  H-9  through  H-12 
are  for  a  30  degree  bank  angle  command  with  real  pre¬ 
filter  .zeros.  The  command  input  is  a  ramp  with  a  rise 
time  of  1  second.  Table  H-3  outlines  the  characteristics 
of  the  responses. 


TABLE  H-3 

BANK  ANGLE  COMMAND— F.C.  #1 


Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

(deg) 

30.0 

30.0 

3.48 

6.60 

S  (deg) 

0.0025 

0.0016 

— — 

-  — 

5r  (deg) 

0.323 

— 

— 

— 

■:w  (de9) 

43.  5 

— 

— 

— 

Simulation  Re sponse  for  F.C.  #2 — 

Bank  Angle  Command 

"The  responses  shown  in  Figures  H-13  and  H-14  are 
for  a  30  degree  step  input  bank  angle  command  (complex 
pre-filter  poles) .  The  control  surface  deflections  are 
shown  in  Figures  H-15  and  H-16.  Table  H-4  outlines  the 
characteristics  of  each  response. 


TABLE  H-4 


BANK  ANGLE 

COMMAND- 

-F.C.  #2 

Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

<p 

(deg) 

30.6 

30.6 

4.32 

7.35 

B 

(deg) 

0.0017 

0.0016 

— 

— 

6r 

(deg) 

-0.216 

— 

— 

— 

6w 

(deg) 

15.0 

— 

— 

— 

H-14.  Sideslip  Response— F.C.  #2 


The  responses  shown  in  Figures  H-17  and  H-18  are 
for  a  30  degree  step  input  bank  angl^  command  (real  pre¬ 
filter  -poles) .  The  control  surface  deflections  are  shown 
in  Figures  H-19  and  H-20,  Table  H-5  outlines  the  charac¬ 
teristics  of  each  response. 


TABLE  H-5 


BANK  ANGLE 

COMMAND- 

-F.C.  #2' 

Peak 

Value 

Final  , 
Value 

Rise 

Time 

Settling 

Time 

<f>  (deg) 

30.0 

30.0 

3.40 

6.10 

6  (deg) 

0.0017 

0.0015 

— 

— 

6r  (deg) 

-0.223 

— 

— 

6rr  (deg) 

53.0 

— 

— 

— 
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The  responses  shown  in  Figures  H-29  and  H-30  are 
for  a  5  degree  step  input  sideslip  command  (real  pre¬ 
filter  pore  s)  .  The  control  surface  deflections  are  shown 
in  Figures  H-31  and  H-32.  Table  H-8  outlines  the  charac¬ 
teristics  of  each  response. 

TABLE  H-8 


SIDESLIP 

COMMAND — F 

• 

o 

• 

h-> 

' 

Peak 

Final 

Rise 

Settling 

Value 

Value 

Time 

Time 

3  (deg) 

5.0 

5.0 

4.99 

8.85 

v  (deg) 

-0.322 

-0.322 

— 

— 

£r  (deg) 

7.95 

— 

— 

— 

(deg) 

45.7 

— 

— 
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The  responses  shown  in  Figures  H-33  and  H-34  are 
for  a  5  degree  sideslip  command  (real  pre-filter  pole) . 
The  input  is  a  ramp  with  a  rise  time  of  1  second.  The 
control  surface  deflections  are  shown  in  Figures  H-35 
and  H-36.  Table  H-9  outlines  the  characteristics  of  each 
response. 


TABLE  H-9 


SIDESLIP 

COMMAND — F 

\C.  #1 

Peak 

Final 

Rise 

Settling 

Value 

Value 

Time 

Time 

£  (deg) 

5.0 

5.0 

5.0 

8.85 

:  (deg) 

-0.320 

-0.320 

— 

— 

i r  (deg) 

7.92 

— 

— 

— 

-w  <de9> 

45.6 

— 

Simulation  Responses  for  F.C.  # 2-- 
Sideslip  Command 

The  responses  shown  in  Figures  H-37  and  H-38  are 
for  a  5  degree  ,  step  input  sideslip  command  (complex  pre¬ 
filter  poles) .  The  control  surface  deflections  are  shown 
in  Figures  H-39  and  H-40.  Table  H-10  outlines  the  charac¬ 
teristics  of  each  response. 


TABLE  H-10 

SIDESLIP  COMMAND- -rF.C.  #2 

Peak  Final  Rise  Settling 

Value  Value  Time  Time 

6  (deg)  5.17  .  4.94  4.86  8.85 

0  (deg)  -0.337  -0.337  —  — 

<5r  (deg)  7.92  —  '  —  —  , 

6w  (deg) 


50.9 


Fig.  H-38 .  Bank  Angle  Response — F.C.  #2 
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The  responses  shown  in  Figures  H-41  and  H-42  are 
for  a  5  degree  step  input  sideslip  command  (real  pre¬ 
filter  :pole s) .  The  control  surface  deflections  are  shown 
in  Figures  H-43  and  H-44.  Table  H-ll  outlines  the  charac¬ 
teristics  of  each  response. 


TABLE  H-ll 


•  SIDESLIP 

COMMAND- -F.C. 

#2 

Peak 

Final 

Rise 

Settling 

■ 

Value 

Value 

Time 

Time 

3' 

(deg) 

5.0 

5.0 

4.95 

8.25 

$ 

(deg) 

-0.340 

-0.340 

— 

— 

A 

V 

r 

(deg) 

7.99 

— 

— 

— 

w 

(deg) 

48.3 

— 

— 

The  responses  shown  in  Figures  H-45  and  H-46  are 
for  a  5_  degree  sideslip  command.  The  input  is  a  ramp  with 
a  rise  :time  of  1  second.  The  control  surface  deflections 
are  shown,  in  Figures  H-47  and  H-48.  Table  H-12  outlines 
the  characteristics  of  each  response. 


TABLE  H-12 

SIDESLIP  COMMAND- -F . C .  #2 


Peak 

Final 

Value 

Value 

Settling 


48.1 


Simulation  Response  f or  F.C.  #] 

Pitch  Angle  Command  (Rigid  Aircraft) 

The  responses  for  a  1  degree  pitch  angle  command 
are  shown  in  Figures  H-49  through  H-51  and  the  control 
surface  deflections  are  shown  in  Figures  H-52  through 
H-54.  Table  H-13  outlines  the  characteristics  of  each 
response. 


TABLE  H-13 

PITCH  ANGLE  COMMAND — F.C.  #1 


Peak 

Value 


Final 

Value 


Rise 

Time 


Settl ing 
Time 


Fig.  H-51.  Altitude  Response — F.C.  *1 

€•  .  -  -  . ~ . - . _ 


Fig.  H-52.  Elevator  Def lection--FvC. 
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Simulat ion  Responses  for  F . C .  # 2-- 
Pitch  Angle  Command  (Rigid  Aircraft) 

“  The  responses  for  a  4  degree  pitch  angle  command 
are  shown  in  Figures  H-55  through  H-57  and  the  control 
surface  deflections  are  shown  in  Figures  H-58  through 
H-60.  Table  H-14  outlines  the  characteristics  of  each 
response. 


TABLE  H-14 


PITCH  ANGLE 

COMMAND- -F.C. 

#1 

Peak 

Final 

Rise 

' Settling 

Value 

Value 

Time 

Time 

r 

1.0 

1.0 

6.1' 

7.70 

h 

0.219 

0.219 

— 

— 

u 

-0.450 

-0.374 

— 

— 

c 

e 

0.802 

,  — 

— 

— 

sb 

16.7 

— 

— 

— 

"T 

39.1 

-- 

— 

—  — 
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Simulation  Re sponse  for  F . C .  #1 —  ' 

Pitch  Angle  Command  (Non-rigid  Aircraft)  . 


The 

responses  for 

a  1  degree 

pitch  angle  command 

are  shown  in 

Figures  H-61 

through  H- 

63  and  the 

conttol 

surface  deflections  are  shown  in  Figures  H-64 

through 

H-66 .  Table 

H-15  outlines 

the  characteristics 

of  each 

response. 

TABLE  H-15  ' 

PITCH  ANGLE 

COMMAND — 

F.C.  #1 

Peak 

Value 

Final 

Value 

Rise 

Time 

'  Settling 
Time 

e 

1.0 

1.0 

5.1 

8.4 

h 

0.50 

0.50 

— 

— 

u 

-0.318 

-0.257 

— 

— 

6e 

1. 82 

— 

— 

— 

^  sb 

17.2 

--  • 

f  T  ' 

29.0 
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Simulation  Responses  for  F . C.  #2-- 
Pitch  Angle  Command  (Non-rigid  Aircraft) 

--The  responses  for  a  1  degree  pitch  angle  command 
are  shown  in  Figures  H-67  through  H-69  and  the  control 
surface  deflections  are  shown  in  Figures  H-70  through 
H-72.  Table  H-16  outlines  the  characteristic's  of  each 
response. 


TABLE  H-16 

PITCH  ANGLE  COMMAND — F.C.  #2 


Peak 

Value 

Final 

Value 

Rise 

Time 

Settling 

Time 

0 

1.0 

1.0 

5.2 

8.4 

h 

0.661 

0.661 

--  , 

— 

u 

-0.498  ' 

-0.425 

— 

6e 

2.42 

— 

6sb. 

19.3 

— 

— 

6T 

45.1 

— 

— 

— 

t 


c.  cc 


Fig.  H  —  7 0  ♦  Flcvator  Dcf  lecti.on--F.-C.  *2 
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Summary 

This  appendix  contains  the  simulated  responses 
for  both  the  lateral  and  longitudinal  designs  for  F.C..* 
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